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ABSTRACT
CHEMISTRY IN SUPERCRITICAL FLUID-SWOLLEN POLYMERS-
DIRECT SYNTHESIS OF POLYMER/POLYMER AND POLYMER/METAL
COMPOSITES
FEBRUARY 1997
JAMES J. WATKINS, B.S., THE JOHNS HOPKINS UNIVERSITY
M.S., THE JOHNS HOPKINS UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Thomas J. McCarthy
A simple and versatile method for the preparation of polymer composites in
supercritical fluids (SCFs) is proposed and demonstrated by experiment. Reagents are
infused into solid polymers as SCF solutions and converted to the desired product by
inducing a reaction to occur in the presence of the SCF solution or subsequent to its
removal by depressurization. The product of the reaction, which may or may not be
soluble in the SCF solution, constitutes the second phase of the composite. The process
is effective for modifying virtually all polymers including those such as
poly(chlorotrifluoroethylene) (PCTFE), polytetrafluoroethylene (PTFE) and ultra-high
molecular weight polyethylene that are solvent resistant or otherwise difficult to process.
Polymer/polymer composites are prepared by the sequential infusion and free
radical polymerization of vinyl monomers within carbon dioxide-swollen substrates.
Experiments involving combinations of eight polymer substrates and five monomers
demonstrate the utility of the method and control over the severity of substrate
V
modification. A study of styrene polymerization within CO,-swollen PCTFE indicates
composite composition and structure is dictated by system variables including
temperature, pressure and monomer concentration. The control imparted is consistent
with the underlying phase behavior and absorption kinetics of the CO,/polymer/monomer
system. Diffusion rates within the matrix are sufficiently rapid to yield high molecular
weight polystyrene (PS) (M, > 200,000 g/mol). The resulting PCTFE/PS composites
exhibit unique, co-continuous morphologies.
Polymer/metal composites are produced by the sequential SCF-assisted infusion
and reduction of organometallic compounds within solid polymers. The hydrogenolysis
of dimethylcycloocatadiene platinum (II) (CODPtMcj) in poly(4-methyl-l-pentene)
(PMP) and PTFE yields isolated Pt nanoclusters distributed throughout the substrates.
The reduction is autocatalytic and is shown to be mass transfer limited in PMP. Cluster
size is controlled by adjusting diffusion rates in the substrate during C0DPtMe2
reduction.
The discovery that the reduction of organometallic compounds proceeds cleanly
in CO, is the basis for Chemical Fluid Deposition (CFD), a new, generally useful metal
deposition scheme. CFD is demonstrated by the low temperature (80 ''C) deposition of
platinum and palladium films on silicon wafers and polymer substrates. X-ray
photoelectron spectroscopy indicates the films are continuous and free of ligand-derived
contamination.
vi
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CHAPTER 1
INTRODUCTION
Overview
An original approach to the synthesis of polymer composite materials is proposed
and validated by experiment. Organic or organometallic reagents are infused into solid
polymers as supercritical fluid (SCF) solutions and are subsequently converted to the
desired product by inducing a chemical reaction to occur either in the presence of the
SCF solution or subsequent to its removal by depressurization (Scheme 1.1). The product
of the reaction, which may or may not be soluble in the SCF solution, constitutes the
second phase of the composite.
1) decompress
2) react
1) react
2) decompress
Polymer
Composite
C C
c c
c c
Scheme 1.1 Strategy for the preparation of polymer composite materials in SCF COj.
The incipient phase of the composite is a product (C) of a reaction between the
infused reagents (A, B).
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SCF solvents, particularly carbon dioxide (CO2), impart several important
advantages for polymer modification reactions: First, while CO2 is a poor solvent for
most polymers, it is permeable in and swells virtually all polymers, including those that
are generally considered to be solvent resistant. Second, high compressibility in the
vicinity of the critical point renders SCF densities (and thus dielectric constants and
solvent strengths) strong functions of pressure that are subject to facile manipulation.
Density-mediated adjustments in solvent activity can be used to control the degree of
polymer swelling (SCF absorption), the partitioning of reagents between the fluid phase
and the swollen polymer phase, and diffusion rates within the polymer substrates. Each
of these factors influences, and can be used to control, the properties of the composites.
Third, SCF solutions are free of surface tension and thus can be uniquely effective for the
modification of low surface energy substrates. Fourth, SCF solvents are generally gasses
at ambient conditions and dissipate rapidly and completely upon the release of pressure.
Finally, SCF solvents such as carbon dioxide exhibit obvious environmental advantages
compared to organic solvents.
Two classes of reactions were chosen to demonstrate the SCF composite synthesis
procedure: The free radical polymerization of vinyl monomers within SCF carbon
dioxide - swollen polymer substrates yields polymer/polymer composites. Polymer/metal
composites are prepared by the SCF COj assisted impregnation and subsequent thermal
or chemical reduction of organometallic compounds (metal precursors) in solid polymer
substrates. Control over composite structure and composition is demonstrated for both
systems.
2
Chapter 2 provides a brief description of the equipment designed and built for this
study.
Chapter 3 presents screening experiments that demonstrate the general
applicability of Scheme 1.1 and a second SCF approach for the preparation of
polymer/polymer composites using various combinations of eight polymer substrates and
five vinyl monomers. The substrates include solvent resistant polymers such as
polychlorotrifluoroethylene (PCTFE) and difficult-to-process polymers including ultra-
high molecular weight polyethylene. The preparation of low density composite foams
using CO2 as a blowing agent was also briefly investigated. The screening experiments
were not intended to be complete investigations but were used to identify promising areas
for more intensive research. Based on the results of this work, the preparation of
PCTFE/polystyrene blends was chosen for a detailed study (below).
Chapter 4 is an extensive investigation of the radical polymerization of styrene
within CO2 - swollen PCTFE. The composition of the resulting blends and the
distribution of the blend components are controlled by manipulating experimental
variables including, temperature, pressure, the composition of the COj/styrene phase and
the absorption and polymerization conditions. The control imparted is consistent with the
underlying phase behavior and the absorption and polymerization kinetics of the system.
Diffusion rates within the matrix are shown to be sufficiently rapid for high molecular
weight PS (> 200,000 g/mol ) to be produced within the SCF-swollen polymer. Finally
characterization of the blends revealed co-continuous morphologies that are unique
relative to blends prepared by conventional techniques.
3
Chapter 5 describes Chemical Fluid Deposition (CFD), a new process by which
high-purity metals are deposited from SCF CO2 solution by the thermal or chemical
reduction of soluble organometallic compounds. Ligand-derived decomposition products
remain dissolved and are removed by venting. The potential of CFD is demonstrated by
the deposition of platinum and palladium metal films onto silicon wafers and
fluoropolymer substrates and the uniform deposition of Pt metal within an inorganic
AI2O3 membrane containing 200 nm straight pores. Analysis by x-ray photoelectron
spectroscopy indicates the films deposited on silicon wafers are continuous and free of
carbon contamination. The CFD process was developed during the investigation of the
preparation of polymer metal nanocomposites in SCF CO2 as described below.
Chapter 6 describes the synthesis of metal/polymer nanocomposites by the
sequential SCF-assisted infusion and reduction of metal precursors in solid polymer
substrates. Hydrogenolysis of dimethylcycloocatadiene platinum (II) (C0DPtMc2) in
poly(4-methyl-l-pentene) (PMP) and polytetrafluorocthylene (PTFE) yields isolated Pt
nanoclusters distributed throughout the substrates. The reduction is autocatalytic and is
shown to be mass transfer limited in PMP. These aspects of the reaction provide a
mechanism by which Pt cluster size can be controlled by adjusting diffusion rates in the
substrate during C0DPtMe2 reduction.
The balance of this chapter provides background material related to SCF solvents,
their interaction with solid polymers and their use as reaction media. The review is not
comprehensive, but is intended to provide a fundamental basis for the SCF polymer
modification strategy.
4
Supercritical Fluid Solvents
The properties of supercritical fluid solvents are well known and comprehensive
reviews are available.' The distinguishing characteristics of SCF solvents are adjustable
solvent strength and gas-like transport properties (Table 1.1).
Table 1.1 Comparison of SCF and liquid solvents.
Solvent Diffusivity Viscosity Density Surface
(cmVsec) (cps) (g/cm^) Tension
(dynes/cm)
SCF 10-' 0.02 -0.05 0.2- 1.0 0
Liquid 10"' 1 0.8 20 - 50
The adjustable solvent properties of SCFs are a consequence of the strong
pressure dependence of density in the vicinity of the critical point. This behavior is
universal and shown in terms of reduced variables in Figure 1.1.
The anticipated causal relationship between density and solvent quality for SCF
solvents has been borne out by both theoretical and experimental measures of solvent
quality including the determination of solubility parameters'-^ and polarity indexes using
solvatochromic shifts.'*-' The solubility parameter of CO2 (T, = 3 1 °C, P, = 74 bar) as a
function of pressure at 35 °C (T, - 1.03) is shown in Figure 1.2. Qualitatively, the shape
of the curve mirrors the pressure dependence of solvent density. Consequently, as
temperature is increased above the critical point, the slope of the solubility
parameter/pressure curve is less severe.
5
Figure 1.1 Reduced density vs. reduced pressure isotherms for SCF solvents.
Figure 1.2 Solubility parameter of CO2 at 35 °C.^
6
The data in Figure 1.2 indicate the maximum solubihty parameter accessible for
CO2 is comparable to that of hexane. In fact, CO2 has been classified as a Hpophilhc
solvent of modest strength.^ Classification of CO2 based on solubility parameter is
useful, but is not an entirely accurate characterization: CO2 has also been shown to be a
good solvent for many siloxanes and non-crystalline fluoropolymers.^"'
A wide range of organic and organometallic compounds are soluble in €02.*'^'^
For example, the solubility of naphthalene in CO2 at 35, 55 and 60 is shown in Figure
1 .3.^ Solubility is density dependent, as anticipated, however the C02/napthalene phase
behavior cannot be explained by density alone. The large enhancement in solubility at 60
compared to 55 results from crossing the crystallization boundary (solid-liquid-
vapor equilibrium curve) of naphthalene in COj.
s
50 100 150 200 250 300 350
Pressure (bar)
Figure 1.3 Pressure dependent solubility of naphthalene in carbon dioxide.
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This simple example illustrates that relatively minor perturbations in operating
conditions can have a large effect on the phase behavior of SCF systems that can not be
predicted solely on the basis of solvent properties. Knowledge of phase behavior should
be considered a prerequisite for any study of reactions in SCF solvents. The interested
reader is referred to summaries of SCF phase diagrams by McHugh' and Streett"^. The
former provides a concise explanation of the five basic types of SCF phase diagrams
predicted by Scott and van Konynenburg" '^ using the van der Waals equation of state.
Interaction of SCF CO ^ and Polymers
The interaction of polymers and SCFs has been studied in detail and reviews are
available.'^ CO2 is a poor solvent for most polymers.'^ (Notable exceptions include
siloxanes and amorphous fluorinated polymers such as the perfluoroalkyethers). Gas
permeability data, however, suggest virtually all polymers can be swollen by CO,.'"
While there are not compilations of data regarding the solubility of CO2 in polymers, a
number of publications address CO2 solubility in specific polymers.""^^
The adjustable solvent strength of SCFs can be used to control the degree of
swelling in a polymer substrate. Sorption isotherms of CO2 in three glassy polymers,
polystyrene (PS), poly(methyl methacrylate) (PMMA) and polycarbonate (PC) as
function of pressure are shown in Figure 1 A?^ Sorption of CO2 into a silicon rubber is
shown in Figure 1.5.'^
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Figure 1.4 Pressure dependent COj sorption in PMMA at 32.7 "C (), PC at 35 °C ()
and PS at 35 "C
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Figure 1.5 Pressure dependent CO2 sorption into silicone rubber at 35 C
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The plasticization of polymers with CO2 has important consequences for transport
within the substrate,"" the location of the glass transition temperature,'^ '^-^'-^^"^"
crystallization kinetics^^ and mechanical properties.^' For example, the diffusivity of
CO2 increases by over two orders of magnitude in polycarbonate and
poly(methylmethacrylate) when the polymers are plasticized with C02.'^
CO2 - induced plasticization is evident by dramatic reductions in the glass
transition temperature (T^,). Reported examples include PMMA, polystyrene,
polycarbonate, poly(vinyl chloride) and poly(ethylene terephthalate). The T,, ofPMMA
as a function of CO2 sorption is shown in Figure 1 .6.'^'^''
20
100
80
h" 60
40
20
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10 bar
1 5 bar , 20 bar
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0 I 1 ^ — '
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Figure 1.6 Depression of in CO. plasticized PMMA. CO, pressure at T^is indicated
in the figure.'^'^'*
The glass transition behavior of solid polymers in contact with SCFs has been
modeled using lattice-fluid theory.^^
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Ternary SCF/Polvmer/Penetrant Systems
The synthesis of polymer composite materials using the approach described in
Scheme 1
.1 is critically dependent on the behayior of the ternary SCF/polymer/reagent
system. Plasticization of polymer substrates with SCFs significantly enhances diffusion
rates within the substrate and, therefore, the absorption kinetics of penetrants dissolved in
the fluid phase. Berens measured apparent diffusivities of dimethyl phthalate (DM?)
in near-critical COj-swollen poly(vinyl chloride) as a function of COj pressure (Figure
1 .7).'^ The diffusivity ofDM? in the neat PVC glass is estimated to be < 10 " cmVsec.
Diffusion rates in CO2 swoUen-PVC can be larger by a factor of 10^ and can be controlled
by manipulating CO2 pressure.
-4.0
-6.0
^ -8.0
I -10.0
12.0
14.0
16.0
— Liquid Solvents
DM? in PVC/CO2
1 1 1 r
0 10 20 30 40 50 60 70
Pressure (bar)
Figure 1.7 Diffusion rates ofDMP in neat and CO2 plasticized PVC" and a typical self-
diffusion rate for a liquid, organic solvent.
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Enhanced absorption kinetics in swollen substrates can be exploited to facilitate
the impregnation of polymers with soluble penetrants. Subsequent venting of the SCF
reverses the plasticization and results in the kinetic trapping of penetrants within the
substrates. This concept has been demonstrated by Berens'^-^* and Sand^^ for the
incorporation of plasticizers and pharmaceuticals into semi-crystalline and glassy
polymers. Additionally, the impregnation of polymer films with CpMn(C0)3 using CO2
has been followed spectroscopically by Howdle.^"
Despite the apparent utility of this technique, there are few systematic studies of
the partitioning of a third component between an SCF and a swollen polymer phase. In
these systems, changes in solvent density affect the degree of polymer swelling and the
activity of the fluid phase: manipulation of experimental conditions provides a means to
control partition coefficients.
Pressure-dependent partition coefficients for naphthalene between SCF CO2 and
silicone rubber were measured by Shim and Johnston using SCF chromatography (Figure
1
.8).''"^^ As pressure is increased, COj becomes a better solvent for naphthalene and
partitioning of naphthalene in the fluid phase is favored (the silicone rubber phase is
effectively extracted). This effect is most dramatic in the region of high compressibility
near the critical point. A continued reduction in pressure to levels below those shown in
Figure 1.8 would, in theory, result in a continuous increase in partition coefficient, but
these regimes may be inaccessible by infusion experiments for kinetic reasons. As
pressure is reduced, solubility of naphthalene in the fluid phase decreases, until, at
ambient conditions, it is limited to its vapor pressure. Simultaneously, reduction in
solvent quality results in lower levels of plasticization resulting in a decrease in diffusion
12
rates within the solid polymer support. The optimum condition for penetrant loading into
the polymer occurs at intermediate pressures, where the partition coefficient is high and
absorption kinetics are favorable.
70
50 100 150 200 250 300
Pressure (bar)
Figure 1.8 Pressure dependent partition coefficient of naphthalene between silicone
rubber and COj at 34.2 (), 49.1 (•), 69.0 () and 99.0 ° C (0).'^
Hydrostatic Pressure Effects on Transport and Polymer Transitions
The application of hydrostatic pressure is known to cause an increase in glass
transition temperatures"'^'' and a decrease in diffusion rates""" in polymers through a
reduction in free volume. These effects should be considered when interpreting the
physicochemical changes in polymer substrates exposed to supercritical fluids. When
sorption of SCFs are sufficient to plasticize the polymer, hydrostatic pressure effects are
generally opposed and dominated by effects of solvent sorption. (This statement does not
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apply to extreme pressures where SCFs become incompressible.) Figure 1.9 shows the
effects of hydrostatic pressure" and CO^ sorption at elevated pressures^^ on the T of
polystyrene.
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Figure 1.9 Tg of PS as a function of hydrostatic pressure^^ (left) and degree of
plasticization with C02(right).
A hydrostatic pressure-induced reduction in the diffusion rate of p-nitroaniline in
poly(ethylene terephthalate) (PET) is shown in Figure 1.10.^^ By contrast data shown in
Figure 1 .7 indicate that the diffusion ofDMP in PVC exposed to CO2 at 65 bar is many
orders of magnitude greater than diffusion in neat PVC at ambient pressure.'^ The
increase in diffusion rates as pressure is increased in the presence of CO2 is further
evidence that polymers can be severely plasticized by CO;
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Figure 1.10 Diffusivity of p-nitroaniline in neat PET as a function of hydrostatic
pressure.
Note that for both the location of the glass transition temperature and for penetrant
diffusivity, the magnitude of hydrostatic pressure increases required to impart significant
differences in system behavior is substantially greater than the pressure required for COj-
induced plasticization.
SCFs as Reaction Media
While there are no previous reports of reactions in SCF-swollen polymers,
reactions in SCFs have been studied extensively. Adjusting solvent quality by
manipulation of fluid density provides the opportunity to study solvation effects on
chemical reactions and can be used to manipulate reaction rates^^'^^ and selectivities"".
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The effect of hydrostatic pressure that accompanies density-mediated changes in solvent
quality is expected to be small relative to the effects of solvation in the pressure regimes
of interest. A brief discussion of these points is presented below. Extensive reviews of
reactions in SCFs are available elsewhere.""'^^ Reactions relevant to the synthesis of
polymer/polymer and polymer/metal composites are discussed in Chapters 3 and 5
respectively.
The Pressure Dependence of Reaction Rate in SCF-Solution
Hydrostatic pressure effects on reactions in liquid media have been extensively
investigated.'*'' These studies are usually directed at obtaining the activation volume, V*,
which is useful for the elucidation of reaction mechanisms. At constant temperature (T),
V* is given by the dependence of the rate constant (k) on pressure (P):
d In k / dP = - V* /RT
Negative values of V* are typical of bimolecular processes such as polymerizations.
Because the volume of the transition state is smaller than that of the reactants, an increase
in pressure increases rate. For example, the polymerization rate of styrene at 25 °C
increases about 60% for a pressure increase of 750 bar."' A positive activation volume
indicates a transition state volume that is larger than the reagents. Unimolecular
decomposition reactions are typical examples.
In supercritical fluid solvents, the pressure dependence of the reaction rate must
be interpreted in terms of both the compressibility of the solvent and the intrinsic
activation volume of the reaction. The intrinsic contribution is that described above; the
change in occupied volume between the reactants and the transition state. The
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compressibility of SCF solvents render reaction kinetics subject to large changes in rate
associated with solvation effects over rather small intervals of pressure. Under these
conditions d In k / dp can be measured, but its magnitude reflects changes in solvent
strength rather than the relative volumes of the reactants and transition states.
Johnston and Haynes^** investigated the unimolecular decomposition of a-
chlorobenzyl methyl ether in SCF 1,1-difluoroethane (Tc = 386.6 K, Pc = 45 bar) at
conditions in the vicinity of the critical temperature. The rate constant and activation
volume of the reaction are shown as a function of pressure at 403 K (T^ = 1 .04) in Figure
1.11. The calculated activation volumes are enormous and negative, despite an
anticipated positive intrinsic activation volume for the unimolecular decomposition. The
results suggest that solvent effects dominate hydrostatic pressure effects in this system.
This conclusion is consistent with previous studies that showed the rate of thermolysis of
a-chlorobenzene methyl ether, which proceeds via an ionic intermediate, increased
dramatically in a series of increasingly polar liquid solvents at ambient pressure."^
In another study, Alexander and Paulaitis made a direct comparison of the effect
of pressure on the rates of the Diels-Alder cycloaddition reaction of maleic anhydride and
isoprene in liquid solvents and SCF CO2 (Figure 1.12)." As expected the rate of the
addition reaction increases with pressure in ethyl acetate. The pressure dependence of the
rate constant in CO2 is much more severe in the compressible region for COj, but similar
to that in ethyl acetate at high pressures where COj is less compressible.
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Figure 1.11 Rate constants (left) and volumes of activation (right) for the unimolecular
decomposition of a-chlorobenzene methyl ether in supercritical 1,1
difluoroethane.^*
Figure 1.12 Comparison of the pressure dependence of reaction rates for the
cycloaddition of maleic anhydride and isoprene in ethyl acetate (•)and SCF CO;
() at 35 'C'
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Transport Properties and Reactions in SCFs
The transport properties of SCFs (Table 1.1) provide critical advantages for
chemical reactions in a number of situations. SCF solutions lack surface tension and can
therefore wet virtually any surface, including low energy solids. (This property is
exploited for the modification of Teflon as discussed later.) Reduced viscosities and
increased diffusivities can reduce solvent cage effects.'"^ Finally, SCFs have been
described as ideal reaction media for running reactions between gases and soluble liquid
or solid substrates.''^ ''* The complete miscibility of SCFs with gaseous reagents such as
H2 eliminates interphase mass transfer limitations to reaction kinetics encountered in
liquid solvent systems where gas solubilities are low. (The miscibility of and CO, is
exploited in the hydrogenolysis of organometallic compounds described in Chapters 5
and 6.)
Chemistrv of Carbon Dioxide
The use of carbon dioxide as a solvent is limited by its reactivity. CO2 is subject
to nucleophillic attack at the at the carbon center and reacts with strong bases. Examples
include reaction with ammonia to form urea, with amines to form carbamates and
Gringard reagents to form carboxylic acids. CO2 is not expected to participate in the
radical addition or organometallic reduction chemistries used in this work.
The potential for exploiting carbon dioxide as a carbon source for the synthesis of
organic compounds has prompted research directed at the catalytic activation or reduction
of CO2 using transition metal catalysts.^^"^' CO2, however, is a poor ligand and there are
few reports of transition metal compounds which successfully bind CO2. The principle
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site of CO2 coordination is expected to be the electrophillic carbon center and thus low
valent metal centers containing electron donating ligands are the best candidates. Inoue
and Yamazaki^^ report twenty-six complexes known to bind CO^: twenty three of these
compounds contain electron-donating alkyl phosphine or aryl phosphine ligands.
CO2 is reported to be an inert solvent for radical chain polymerizations. Carbonyl
absorptions were absent from IR spectra of polymers prepared from vinyl monomers by
radical polymerization in COj."
Reaction Kinetics in SCF- Swollen Polvmers
The viability of SCF-swollen polymers as reaction media is a precondition for
success of the polymer modification scheme summarized in Scheme 1.1. The reactions
will be either mass-transfer limited or reaction-rate limited depending on the relationship
between reagent diffusivity in the swollen polymer and reaction rate. (Operation in the
rate limited regimes is possible only if CO2 - induced plasticization is sufficient to
eliminate mass-transfer resistance to chemical reactions in the solid polymer substrate.)
A convenient framework for this discussion is the classic theory of diffusion in
bimolecular solution kinetics as put forth by Smoluchowski: "
k, = 47rRD,N,
where k^ is the diffusion limited rate constant, D,, is the mutual diffusion coefficient of
the reacting species, R is the radius of interaction of the reacting particles and N3 is
Avogadro's number. Smoluchowski 's equation can be used in combination with rate data
obtained in the absence of mass-transfer limitations to determine a value of D,, at which
the reaction will become transport limited. For example, the propagation rates for radical
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chain polymerizations lie in the range of 10^ to 10" lit/mol-sec/' Mass transfer
limitations will be encountered at D,, in the range of 10 '^ to 10 cmVsec. Consider the
diffusion rate of dimethyl phthalate in CO^ plasticized poly(vinyl chloride)."^ (These are
the only data for penetrant diffusivity in SCF-swollen polymers presently available in the
literature.) Using the diffusion ofDMP as a model for the diffusion of reactants, two
regimes for a reaction proceeding at a rate of 10' lit/mol-sec are defined in Figure 1.13.
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^ -8.0
^ -10.0 H
Q
-14.0
-16.0
Diffusion of DMP in PVC / CO.
^ reaction rate limited''
^ diffusion rate limited
polymer glass
~i 1 I 1 1 \ 1
0 10 20 30 40 50 60 70
Pressure (bar)
Figure 1.13 Diffusivity ofDMP in COj plasticized PVC vs. COj pressure.'^ Using the
data as a model for reagent diffusion, reaction regimes (a) for a reaction
proceeding at a rate of 10"* lit/mol-sec are defined in the figure.
At low CO2 pressure (low degree of plasticization) the reaction remains mass-
transfer limited and the rate is controlled by reagent diffusivity. As the polymer is
further plasticized at higher pressures, the reaction is rate limited and free of mass-
21
transfer considerations. Thus, polymers swollen with CO2 are in many cases viable
reaction media.
Examples of both reaction rate limited and mass transfer rate limited conditions
are presented in this thesis: The polymerization of styrene within COj-swollen
poly(chlorotrifluoroethylene) is rate-limited and yields composites containing a
polystyrene phase of high molecular weight (> 200,000 g/mol.). The autocatalytic
reduction of C0DPtMe2 is mass transfer limited in poly(4-methyl-l-pentene) and yields
discrete Pt clusters distributed throughout the substrate. Cluster size is manipulated by
controlling diffusion rates in the substrate during reduction by manipulating either the
degree of CO2 plasticization or temperature.
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CHAPTER 2
DESIGN AND CONSTRUCTION OF HIGH-PRESSURE EQUIPMENT
Introduction
The study of polymer composite synthesis in supercritical fluids was a new area
of research within the group and required the design and construction of the necessary
high-pressure equipment. All equipment built "in house" was designed using pressure
vessel codes specified by the American Society of Mechanical Engineers (ASME Codes
Section VIII Division I).' The interested reader is directed to several useful handbooks
that describe the design and construction of high-pressure equipment.^'^
General
All components are constructed of either 316 or 304 stainless steel. Two types of
fittings are used for the connections; high pressure fittings that consist of coned and
threaded components and NPT (national pipe thread) fittings that are sealed with Teflon
tape. Off-the-shelf high-pressure fittings, valves, safety heads containing rupture disks
and tubing were obtained primarily from High Pressure Equipment Inc. (HiP, Erie, PA)
or Autoclave Engineers (A. E., Erie, PA).
High-Pressure Manifold
A high-pressure manifold is used to deliver COj at the desired temperature and
pressure to the reaction vessels. The manifold (Figure 2.1) was constructed by honing a
30 cm section of 1.7 cm i.d. stainless-steel tubing (AE CNLX1602) to a 16 RMS finish
and fitting the bore with a two o-ring piston. The manifold is capped at both ends with
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reducer fittings (AE 20F16463) that accept 1/4" high pressure connections. One end is
connected to a syringe-type, hand-operated pressure generator (HIP 62-6-10) using water
as the working fluid. The other end is connected to an in-line pressure transducer
(Omega PX302-10KGV) and a series of 1/8" high-pressure needle valves. The entire
manifold is maintained at the desired temperature using a PID autotune controller
(Omega Engineering model CN76000) with a 10 amp solid state relay (Omega model
SSR240DC10) and a silicone rubber-coated resistance heating tape. The manifold has
operating limits of approximately 690 bar and 150 °C.
H,0 CO.
o 6
><
Pressure Generator
Figure 2.1 Schematic of a high-pressure manifold used to transfer CO2 to the reaction
vessels.
A smaller manifold of similar design was constructed for delivering gaseous
reagents to the reaction vessels either directly or by using a small transfer cell of known
volume equipped with a pressure gage. The latter is used for the transfer of Hj.
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Blind Stainless Steel Reaction Vessel';
Most reactions described in this thesis were carried out in simple, inexpensive 3 1
6
stainless steel reaction vessels constructed from 1.2 cm i.d. x 10 cm sections of 1/2"
schedule 160 seamless pipe threaded to accept 1/4" NPT fittings (Figure 2.2). One end
of the vessel was capped and the other connected to a 1/8" high pressure valve via a
fitting and 1/8" high-pressure tubing. The vessels have a volume of approximately 9 cm'
and an approximate pressure rating of 650 bar. The vessels are heated in a circulating,
temperature-controlled water or oil bath.
Figure 2.2 Schematic of a 3 1 6 SS blind reaction vessel
View Cells
Two variable-volume and one static view cell were constructed for the purposes
of optically determining phase behavior and monitoring reactions visually at high
pressure. A 100 ml variable volume cell similar in design to cells described by McHugh^
was constructed from a 6.35 cm o.d. by 30 cm long 316 stainless steel bar (Figure 2.3). A
2.5 cm bore was machined along the long axis and fitted with a two o-ring piston. One
end of the pipe was capped with a 3.8 cm o.d. by 1 .9 cm thick borosilcate window
secured with a threaded endcap and sealed with an o-ring. The other end of the pipe was
capped with an o-ring-sealed bolted flange equipped with a 1/4" high-pressure fitting for
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communication with a pressure generator. Working volume (and pressure) is controlled
by displacing water behind the piston using the pressure generator. Four high-pressure
ports are located at 90 degree intervals around the circumference of the cell and are used
for direct measurement of temperature and pressure, for charging the cell with CO, and
for sampling cell contents. Agitation is provided by a glass-encased magnetic stir bar
driven by a rare earth magnet mounted on a variable speed motor located beneath the cell.
The cell has a pressure rating of approximately 850 bar at room temperature.
Figure 2.3 Schematic of a 100 ml variable-volume view cell.
A simple, inexpensive 1 0 ml variable-volume view cell was constructed by
honing a 15.2 cm length of schedule XX stainless steel seamless pipe (1.1 cm i.d., 2.67
cm o.d.) and fitting the bore with a 2 o-ring piston. One end of the pipe was tapped to
accept 1/4" NPT fittings. The other was bored out to accept a 1 .9 cm o.d. x 1 .3 cm thick
borosilicate window that is sealed with an o-ring contained in a 1.74 cm o.d. gland
located beneath the window. The window is secured with a threaded end cap. The cell
was fitted with two high-pressure ports located 180'' apart by tapping the pipe radially to
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accommodate 1/8" NPT fittings. The cell has a pressure rating of approximately 600 bar
at room temperature. A 12 ml constant volume view cell was fabricated in the same
manner as the 1 0 ml variable-volume cell except that the piston and high-pressure ports
were eliminated.
The contents of the cells are viewed directly behind a blast shield using a rigid
horoscope (Instrument Technology Inc., Westfield, MA model 123500) and a light source
(Olympus Corp. ILK-5) or on a video monitor using a CCD video camera.
Polymer Membrane Reactors
Two reactors in which CO2 solutions of small molecule reagents are separated by
a polymer membrane were constructed to asses the potential for conducting interfacial
reactions within swollen polymers. In this scheme reagents are transported into the film
by diffusion from either side of the membrane (Figure 2.4).
Figure 2.4 Interfacial reaction in an SCF CO2- swollen polymer membrane.
In the first reactor, the membrane is supported by a floating piston that is
contained within a 6. 1 cm o.d. by 1 .9 cm long cavity in a high-pressure flange (Figure
2.5). The flange is machined from 10.2 cm o.d. sections of stainless steel bar stock
and
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sealed with a bolted o-ring closure. Both sides of the flange are tapped to accommodate
1
.7 cm i.d. by 2.5 cm o.d. sections of stainless pipe that serve as reservoirs for the reagent
solutions.
Figure 2.5 High-pressure flange for conducting interfacial reactions within SCF -
swollen polymer membranes.
The piston is constructed of two, threaded concentric stainless steel "washers"
featuring o-ring glands that when assembled form seals at both faces of the membrane
(Figure 2.6). O-ring seals are also used between the piston and the walls of the cavity.
The floating piston prevents rupture of the membrane should a pressure differential
develop between the two chambers during the transfer of CO2 to the vessel or during the
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experiment. The flange has a maximum operating pressure of 600 bar at room
temperature.
n-TLn
LTLTLI
Figure 2.6 Schematic of a floating piston in a high-pressure flange.
A smaller membrane reactor having a fixed membrane support and a membrane
cavity diameter of 2.5 cm was constructed using a 6.4 cm o.d. stainless steel flange.
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CHAPTER 3
SYNTHESIS OF POLYMER/POLYMER COMPOSITES IN CO^:
SYNTHETIC STRATEGIES AND SCREENING EXPERIMENTS
Introduction and Overview
This chapter describes screening experiments intended to asses the efficacy of
three synthetic strategies for the synthesis of polymer/polymer composites in supercritical
carbon dioxide. Each approach involves the SCF C02-assisted infusion and thermally-
initiated free radical polymerization of vinyl monomers within a variety of polymer
substrates. The screening experiments are not exhaustive investigations of single
systems, but were designed with a broad scope to identify promising areas that warranted
further investigation. The results of experiments involving eight polymer substrates, five
vinyl monomers and a number of variations of the synthetic schemes clearly demonstrate
that each of the proposed techniques is generally applicable for the preparation of
polymer composites and the extent of modification is a function of reaction conditions.
One approach and a single monomer/initiator/substrate system were chosen for a
complete investigation to identify, and control, the critical parameters that dictate
composite composition and structure: an extensive study of the polymerization of styrene
within CO2 - swollen PCTFE and the characterization of the resulting composites is
presented in Chapter 4.
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Synthetic Stratep ies
The motivation and presumptive benefits for polymer composite synthesis in
SCF-CO2 were discussed in Chapter 1
.
I lelerogcneous processing conditions are
dictated by the poor solubiHty of most polymers in SCF COj. One approach (Scheme
3.1) was inspired by Beren's*'^ and Sand's^ demonstration that solid polymers can be
impregnated by exposure to CO2 solutions of small-molecule, organic penetrants
followed by rapid venting: A solid polymer substrate is exposed to a SCF CO2 solution
of a vinyl monomer (M) and free radical initiator (I) during a "soaking" period at
conditions at which the half-life of the initiator is on the order of hundreds of hours. The
solution is then vented and polymerization is thermally induced, yielding the
polymer/polymer composite.
M 1M I
M M '
M M M
M 1
M M
solid polymer SCI ,
I
M M
M M M
I
M 1
* M MMm m
polymcr/polymct
soak vent polymerize
Scheme 3.1 Synthesis of a polymer/polymer composite by the sequential SCF-assisted
infusion of monomer in a polymer substrate, removal of the SCF solution and
polymerization.
Beren's patent^ cites an example that is the most closely related report to the
process described here; poly(ethylene glycol) diacrylate and 4,4'-dichlorobenzene were
infused into polycarbonate as a COj solution. Following depressurization and removal
from an autoclave, UV photolysis initiated a reaction that consumed -25% of the acrylate
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residues. Direct evidence for prepolymer coupling was not presented. No other attempts
at preparing polymer composites using methods similar to those described in this
dissertation have been reported.
Scheme 3.1 takes advantage of CO2 induced-plasticization of the substrate which
significantly enhances diffusion rates within the substrate and thus absorption kinetics of
the reagents. The principle disadvantage to this technique is that the concentration of
reagents in the substrate is limited to the equilibrium solubility of monomer in the
swollen substrate. Extensive modification of solvent resistant polymers, a principle
objective of this study, would require conducting multiple cycles of Scheme 3.1. Each
cycle yields an incremental increase in mass uptake as monomer solubility in the
composite during the soaking period is influenced by the increasing composhion of the
incipient phase.
An attractive alternative to the cumbersome repetition of Scheme 3.1 is the in situ
polymerization of monomer within swollen substrates in the presence of the
SCF/monomer solution: this approach is summarized in Scheme 3.2.
M M
M
M I m
M M ^
solid polymer
soak
SCF M I
I
M
M M
M M
polymerize
2. vent
polymer / polymer
Scheme 3.2 Synthesis of a polymer/polymer composite by the sequential SCF- assisted
infusion of monomer in a polymer substrate, in situ polymerization, and removal
of the SCF solution.
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Polymerization within the substrate consumes monomer and creates a
thermodynamic driving force for the re-partitioning of monomer between the SCF phase
and the swollen polymer. The composition and distribution of components within the
composite are sensitive to the relative rates of polymerization and diffusion in the
substrate. In fact, substantial modification of the substrate will occur only if diffusion
rates are competitive with or fast relative to the rate of polymerization in the system. The
composition of composites produced by either of the Schemes (3.1 or 3.2) is also
sensitive to the pressure-dependent partition coefficient of monomer and initiator.
Neither method is expected to yield uniform component distributions under all
conditions. Concentration gradients in the composites will clearly be produced if soaking
periods of shorter duration than those required to reach equilibrium are used, fhis
technique offers intriguing possibilities for the rational design of interfaces between
modified and unmodified regions of the substrate. The synthesis of composites with
graded interfaces is demonstrated in Chapter 4.
An alternative approach for the modification of solvent resistant polymers is
summarized in Scheme 3.3. The polymer substrate in the form of a "membrane" is
modified by delivering monomer and free radical initiators to the polymer host by
ditTusion from COj solutions at opposing membrane surfaces. Polymerization within the
membrane could yield composites with compositions of the second phase far in excess of
equilibrium monomer concentration in the swollen polymer.
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Scheme 3.3 Interfacial polymerization of vinyl monomers in an SCF-swollen polymer
membrane.
The success of Schemes 3 .2 and 3 .3 depends on the viability of free-radical
polymerizations in SCF-swollen solid polymers. A simple kinetic analysis presented in
Chapter 1 suggests diffusion rates in the substrates can be sufficiently high to avoid mass
transfer limitations during the reaction. There are no previous studies of free radical
polymerizations (or other chemical reactions) in SCF- swollen solid polymers to produce
composite materials, however heterogeneous homopolymerizations of vinyl monomers in
carbon dioxide have been known for some time. Recent examples include the synthesis
of high molecular weight homopolymer by dispersion and suspension polymerization in
SCF C02/'^ In these systems, the nascent polymer phase is highly swollen by both CO2
and its own monomer.
Screening Experiments
The balance of this chapter describes screening experiments intended to asses the
efficacy of Schemes 3.1 - 3.3. The general approach was to apply a standard set of
reaction conditions using various combinations of monomer, initiator and polymer
substrates for each synthetic scheme. Extensive investigations for each system were not
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conducted and the composites are not characterized beyond confirmation that sohd
polymer was produced as a second phase.
Experiments involving eight polymer substrates and several vinyl monomers were
conducted using variations of two general synthetic protocols based on Scheme 3.1 and a
single protocol based on Scheme 3.2. The results indicated that these methods are
generally applicable for the preparation of polymer composites and that the extent of
modification is a function of reaction conditions.
Under certain conditions COj could be used as a blowing agent to expand
composites prepared using Scheme 2. Several successful examples of this new approach
to composite foams are presented, but, the work, was not pursued beyond initial
experiments that verified the technique.
Screening experiments involving the modification of PCTFE, Nylon 6,6 and
poly(tetrafluoroethylene) membranes by the interfacial polymerization of styrene using
Scheme 3.3 yielded some promising results, but the work was discontinued in favor of
further investigation of Schemes 3.1 and 3.2. A key result of the membrane experiments,
however, was the demonstration that monomers dissolved in SCF-COj are permeable in
Teflon.
The term composite is used throughout the text to describe the materials produced
in these studies because, in most cases, their structures have not been verified. The
exceptions are composites produced by the polymerization of styrene in PCTFE and
poly(4-methy-l-pentene) which appear to be phase-separated blends containing little if
any graft copolymer.
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Concise presentation of the screening experiments precludes the inclusion of all
experiments and experimental detail in the main body of the text. Detailed summaries of
the conditions and results of each experiment are provided in the data tables in Appendix
1
General Procedures
Materials
Polychlorotrifluoroethylene (PCTFE), poly(4-methyl-l-pentene) (PMP), high
density polyethylene (HOPE), nylon 6-6, poly(oxymethylene) (POM), ultrahigh
molecular weight polyethylene (UHMWPE), bisphenol A polycarbonate (PC) and
poly(tetrafluoroethylene) (PTFE, Teflon) were obtained in sheet form from commercial
sources and used without further purification. The substrates and their properties are
listed in Table 3.1. The values of T^ and T^ were obtained from the literature.^ The
degrees of crystallinity of PCTFE, PMP, HDPE, and POM were determined by DSC.
The crystallinity of the UHMWPE and Teflon samples was not determined, but typical
values for these substrates are reported in the table.
In addition to the sheet samples described in Table 3.1, a few experiments were
conducted using thin film samples of PCTFE (Aclar 33C, 0.13 mm thick) obtained from
Allied Signal and Teflon (0.13 mm thick) obtained from Chemplast.
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Table 3.1 Polymer substrates used in blend screening experiments.^
Thickness T^ f;;; crystallinity'
substrate (mm) ("C) r/o)
poly(chlorotrifluoroethylene) 1.6 52 220 30
poly(4-methyl- 1 -pentene)^ 2.3 30 235 57
high density polyethylene 3.2 - 128 137 65
ultra-high MW polyethylene 3.2 -128 130 45^
nylon 6-6 1.6 45 255 20'"
poly(oxymethylene) (Delrin) 1.6 -88 181 45
polytetrafluoroethylene 1.6 126 335 92-98
bisphenol A polycarbonate'^ 1.6 150
11
(Lexan)
Styrene, methyl methacrylate and vinyl acetate were obtained from Aldrich and
distilled from CaH2 under reduced pressure. Hydroxyethyl methacrylate and glycidyl
methacrylate were obtained from Aldrich and distilled from MgS04 under reduced
pressure. Carbon dioxide (99.99% purity) was obtained from Merriam Graves and used
without purification. Azobisisobutrylnitrile (AIBN) was obtained from Polysciences and
recrystallized twice from methanol prior to use. tert-Buty\ perbenzoate (TBPB) and tert-
butyl peroxide (TBPO) were obtained from Aldrich and used as received. Half-lives of
the initiators in benzene at temperatures of interest for these studies are given in Table
3.2.^^ Decomposition rates ofAIBN in neat CO. have been reported;'"* but, the use of
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these values is not appropriate due to the high concentrations of monomer used in the
experiments.
Table 3.2 Half-lives of AIBN and TBPB in benzene.
half-lives (hr.)
initiator 40 "C 80 "C 100 "C 120 "C 140 "C
AIBN 350 2.5
TBPB 280 1.9
TBPO 160 1.5
General Methods
Attenuated total reflectance infrared spectroscopy (ATR-IR) was performed using
a Nicolet 44 FTIR with a 45" KRS-5 internal reflection element. Spectra were recorded at
either 2 cm'' or 4 cm'' resolution, and a minimum of 128 scans were accumulated.
Differential scarming calorimetry (DSC) measurements were conducted on a DuPont
2000 DSC under flowing dry nitrogen at heating rates of either 10 °C or 20 "C / min.
After the first heating run, samples were quenched with liquid nitrogen and the analysis
was repeated.
Scanning electron microscopy (SEM) analysis of gold-coated samples was
performed on either a JEOL 35 CF or JEOL 100 CX electron microscope using a
secondary electron detector. Uncoated samples were analyzed by field emission scanning
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electron microscopy (FE-SEM) using a JEOL 6400 FXV electron microscope. Both
secondary electron images and back-scattered electron images were collected.
The flex modulus (E) of polymer composite samples was determined using a three
point bend test performed using an Instron equipped with a 100 lb. load cell. The
procedure used was analogous to that ofASTM method D-790.'^ E is determined from
the slope of the force-deflection curve using the following equation:
E =
4BD'
where E is in Pa, L is the beam span, M is the slope of the force/deflection curve (N/M),
B is the beam width and D is the beam depth.
Preparation of Polvmer Blends in SCF-Swollen Polymers
Polymer blends were prepared using the approaches summarized in Schemes 3.1
and 3.2 using variations of three general methods.
Experimental
Reactions were run in 316 stainless steel reaction vessels fabricated from 1.2 cm
i.d. X 10 cm sections of 1/2" schedule 160 seamless pipe threaded to accept 1/4" NPT
fittings. One end of the vessel was plugged and the other attached to a 1/8" high pressure
valve. The reaction vessels were filled with CO, from a high pressure manifold. (See
Chapter 2 for details.)
All reactions involved variants of the following general procedure: A tared -1x4
cm sample of the substrate (~1 .0-1.5 g) was placed in a reaction vessel that was sealed.
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purged with CO^, weighed and placed in a bath equihbrated to the soaking temperature of
the reaction. Initiator was dissolved in monomer and transferred to the vessel via syringe.
The reaction vessel was filled with CO^ at the desired pressure by transfer from the high
pressure manifold. The contents of the reactor were mixed using a vortex mixer,
reequilibrated to the soaking temperature, repressuized to the soaking pressure (pressure
drops due to dissolution of the styrene) and returned to the bath for the desired soaking
period. The mass of CO2 transferred is determined gravimetrically. The vessel is then
either drained, pressurized with and heated to the desired polymerization temperature
or heated to the desired polymerization temperature, drained, pressurized with and
returned to the polymerization bath. Finally, the vessel is cooled and the composite is
isolated, weighed and analyzed.
Variations of three general protocols were used for the preparation of the
composites. In the first two protocols, that are based on Scheme 3.1, the C02/monomer
solution is vented following the soaking period and the polymerization is conducted
under a nitrogen blanket. In the third protocol (Scheme 3.2), polymerization is initiated
in the presence of the COj/monomer solution. The three protocols are summarized in
Table 3.3.
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Table 3.3 Experimental protocols for preparation of polymer/polymer composites,
Protocol 1. Initiator = AIBN
Soak: 4 hr., 40'C, 103 bar, t,^,^,^^ = 350 hr.
Drain
Polymerize: 4hr., 80 °C, 1 00 bar N„ t.^^ a,bn = 2.5 hr
Protocol 2. Initiator = /er/-butyl perbenzoate
Soak: 4 hr., SO'C, 241 bar, t./^.pbp = 280 hr
Drain
Polymerize: 4hr., 120 °C, 100 barN,,t2» M/2tbpb 1.9 hr.
Protocol 3. Initiator = tert-huly\ perbenzoate
Soak: 4 hr., 80T, 150 bar, t./^.p^p = 280 hr.
Polymerize: 8 hr., 120 "C, 100 barN2, t,/2,bpb
Drain
Polymerize: 12 hr., 120 °C, 100 bar N,
= 1.9 hr.
Synthesis of Polystyrene/Substrate Blends
The synthesis of polystyrene/substrate blends yia protocols 1-3 was investigated
using monomer concentrations in COj of approximately 40 wt. % and initiator
concentrations (in monomer) of approximately 0.3 mol. %. The mass of the substrates
varied between ~1 .0 - 1.5 grams. Details for each experiment listed below and for other
experiments that did not conform to any of the protocols are given in the data tables in
Appendix 1.
The mass uptake of polystyrene in each composite is given as a percentage of the
initial substrate mass in Table 3.4. Multiple entries indicate multiple experiments at the
given conditions.
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le 3.4 Composition of PS/Substrate blends produced using protocols 1 2 and 3(Monomer concentration = 40 wt. %, Initiator concentration = 0.3 mol.' %.)
Thickness
Substrate (mm)
poly(chlorotrifluoroethylene) 1.6
poly(4-methyl-l-pentene) 2.3
polyethylene (HOPE) 3.2
ultra high MW polyethylene 3.2
nylon 6-6 1.6
poly(oxymethylene) 1 .6
polytetrafluoroethylene 1 .6
bisphenol A polycarbonate 1 .6
Mass Uptake %
Protocol 1 Protocol 2 Protocol 3
4.5,4.8, 12.3,12.9, 75.7
5.5 13.1,13.4
13.8, 13.8
23.7 75.1 203
6.9 11.8 118
8.9 22.0 154
0.5 3.2 26.7
2.8 6.7 34.3
2.2,2.0 0.7,0.9 5.3
30.2 50.9
The data in Table 3.4 indicate that significant mass fractions of polystyrene could
be incorporated into all of the substrates using the methods described in Table 3.3. In
most cases, the composites retained the same basic geometry exhibited by the substrate
polymer prior to modification. For extensively modified samples, dimensional
enlargement consistent with the increase in mass was observed. This is evident in the
photograph of PCTFE before and after modification using protocol 3 shown in Figure
3.1. Exceptional cases were PMP/PS composites prepared using protocol 3 (Figure 3.2).
These sample exhibited foam-like structures with radial dimensions that were identical to
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Figure 3.1 Virgin PCTFE sheet (left) and PCTFE/PS composite prepared using
protocol 3.
Figure 3.2 Virgin PMP sheet and PMP/PS composites prepared using protocols 2 and 3.
From left: Virgin PMP, PMP/PS protocol 2 (dense composite) and PMP/PS
protocol 3 (expanded composite foam).
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the internal diameter of the pressure vessel. The formation of these "microporous" foams
indicates that composite synthesis was conducted at temperatures above the depressed (by
COj/styrene) melting transition of the semicrystalline polymer substrate. These
observations led to the modest investigation of the synthesis of composite foams
described later in the chapter.
Synthesis of Polvacrvlatc/Substrate Blends
The synthesis of polyacrylate/substrate blends was investigated briefly by the
polymerization of methyl mcthacrylate (MMA), hydroxyethylmethacrylate (HEMA),
glycidyl methacrylate (GMA), and ethylene glycol dimethacrylate (EGMA)/GMA
mixtures within COj-swollen polymers using protocols 1 and 2 (Tables 3.5 and 3.6).
Additional experiments that employed variants of protocols 1 & 2 (e.g. differences in
soaking periods, concentration etc.) are listed in the data tables in Appendix 1
.
Table 3.5 Composition of poly(methyl methacrylate)/substrate blends produced using
protocols 1 and 2.
Monomer Mass
Substrate Protocol Cone, wt % Uptake wt %
PCTFE, 1.6 mm 1 38 r9
PCTFE, 1.6 mm 1 36 2.9
PCTFE, 1.6 mm 2 43 10.2
PCTFE, 1.6 mm 2 39 10.8
PTFE, 1.6 mm 1 40 0.4
PTFE, 1.6 mm 2 35 3.3
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Table 3.6 Composition of poly(acrylate)/substrate blends produced using various
monomers.
Monomer Mass
Substrate Monomer Protocol Cone, wt % Uptake wt %
PCTFE, 1 .6 mm HEMA 2 38 2A
PCTFE, 1.6 mm GMA 2 45 NA*
UHMWPE, 3.2 mm HEMA 2 40 NA*
PTFE, 1 .6 mm HEMA 2 37 0.5
PIPE, 1.6 mm GMA/ 2 49 0.5
2.6 %EGMA
'NA indicates the data are not available e.g., the sample was damaged during removal
from the reaction vessel.
Synthesis of PolvCvinylacetateVSubstrate Blends
Vinyl acetate was used as monomer in a number of experiments that are described
in the data tables in Appendix 1
.
These experiments produced low levels of modification
in 63 mil PCTFE (e.g., < 1%). A possible explanation is the tendency for vinyl acetate to
undergo chain transfer to monomer which results in low molecular weight polymer.
Synthesis of Polymer/Polymer Composites usina Thin Film Substrates
A number of experiments are reported in Appendix 1 in which thin polymer films
(5 mil or less) are used as substrates. Measurements of mass uptake (and thus
composition) for these films are extremely sensitive to deposition of polymer at the
surface and should be interpreted with caution.
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Analysis and Discussion
It is apparent from the data presented in Tables 3.4-3.6 that polymerization of
vinyl monomers within SCF CO^ - swollen polymer substrates is a versatile, and in some
cases, uniquely effective method for the preparation of polymer composites. For the
polystyrene/substrate systems (Table 3.4), protocols 1 and 2 typically produce much
lower levels of PS incorporation than protocol 3. This is consistent with the a priori
prediction that the concentration of the incipient phase resulting from composite
preparation using protocols 1 and 2 is limited by the equilibrium solubility of the
monomer in the SCF-swollen solid polymer at the soaking conditions. The application of
protocol 3 results in high levels of PS incorporation for all polymers, including those
which are tenaciously solvent resistant (e.g., PCTFE). Extensive modification under
these conditions must result from in situ polymerization of styrene within the SCF-
swollen matrix. These points are addressed in detail and shown to be essentially correct
in the detailed analysis of the styrene/PCTFE system presented in Chapter 4.
The exceptional case in this study was the preparation of polymer/Teflon
composites. Teflon modifications were limited to mass uptakes of 5% or less under all
conditions tested. A likely explanation is the high degree of crystallinity of the substrate
(92-98%). In Chapter 4, indirect but conclusive evidence is presented that indicates that
polymerization of infused monomer occurs primarily (or exclusively) in the amorphous
regions of the semi-crystalline substrate, PCTFE. This is believed to be the general case
for the modification in the presence of a crystalline polymer phase.
50
As stated in the summary, the objective of this chapter was to identify promising
routes for polymer modification reactions in SCF-swoUen polymers. Characterization of
the composites was a lower priority and was not extensively pursued beyond the
gravimetric data reported above and the brief DSC, mechanical property and ATR-IR
studies discussed below. The exceptional case is PCTFE/PS composites which were
exhaustively characterized (Chapter 4).
Differential scanning calorimetry measurements were conducted on three heavily
modified (> 40 %) PS/substrate composites produced using protocol 3. Distinct PS glass
transition temperatures between 100 '^C and 105 °C are observed for PS/PCTFE, PS/PMP
and PS/HDPE composites (Figures 3.3 and 3.4) and indicate the presence of polystyrene
homopolymer. Peak melting points of the substrate crystalline phase for each of the
composites was identical to that of the corresponding unmodified substrate.
20 60 100 140 180
Temperature
Figure 3.3 DSC endotherms for a PS/HDPE composite prepared using protocol 3.
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Figure 3.4 DSC endotherms for PS/PCTFE (a) and PS/PMP (b) composites prepared
using protocol 3.
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Attenuated total reflectance infrared spectroscopy (ATR-IR; performed on a
number of the composites indicated the presence of both the incipient polymer phase and
the substrate at the surface (depth of 1 -3 microns) of the composites. Examples of
spectra for PCTFE, UHMWPE and Teflon substrates modified by the polymerization of
infused styrene and hydroxyethyl methacrylate using protocol 2 are shown in Figures 3.5
-3.7. Spectral features of the polymers produced within the host include for polystyrene,
aromatic and aliphatic C-H stretching at 3100-2850 cm"', aromatic C-C stretching at
1601,1493 and 1452 cm ', aromatic C-H out-of-plane bending at 698 cm ' and for
poly(hydroxyethyl methacrylate), carbonyl stretching at 1720 cm"' and the broad
hydrogen-bonded -OH stretching at 3200-3500 cm"'. Spectral features of the hosts are
apparent in the spectra of the control samples.
The IR analysis suggests the methods described here are versatile routes to
polymer surface modification. Each of the examples employ substrates that exhibit low
surface energies and are notoriously difficult to modify (PTFE, PCTFE"') or process
(UHMWPE^). Incorporation of PS at the composite surface imparts hydrophobic
character while incorporation of poly(hydroxyethyl methacrylate) imparts hydrophilicity.
In practice, durable surface modifications would require the addition of multifunctional
monomers to cross-link the incipient phase and prevent its extraction from the composite
surface. Formation of semi-IPNs is a straightforward extension of the methods described
here.
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Figure 3.5 ATR-IR spectra of PCTFE (a), a PS/PCTFE composite (b) and a
HEMA/PCTFE composite (c). Composites were prepared using protocol 2.
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Figure 3.6 ATR-IR spectra ofUHMWPE (a), a PS/UHMWPE composite (b) and a
HEMA/UHMWPE composite (c). Composites were prepared using protocol 2.
55
Figure 3.7 ATR-IR spectra of Teflon (a), a PS/Teflon composite (b) and a
HEMA/Teflon composite (c). Composites were prepared using protocol 2.
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The mechanical properties ofUHMWPE and UHMWPE/PS composites
containing 1 8 and 61 % by weight PS produced using protocols 2 and 3 respectively we
investigated briefly by measurements of flex modulus, E using a three point bending
analysis. The sample dimensions and E for each sample are given in Table 3.7.
The flex modulus of neat PS is about three times that of neat UHMWPE.
Although the mechanical behavior cannot be characterized with one experiment, the
increase in "stiffness" with increasing mass uptake indicates PS glass is present in each
the composites. UHMWPE was chosen for this demonstration because its high melt
viscosity precludes the use of traditional polymer processing methods (e.g., screw
extrusion) for the preparation of blends.
Chapter 4 provides morphological data that indicate composites produced via
polymerization within SCF-swollen semicrystalline substrates exhibit co-continuous
morphologies having domain sizes that are substantially smaller than composites
prepared by conventional techniques. The impact of this unique structure on the
mechanical of these materials is a fertile area of research that will be pursued by
subsequent graduate students.
Table 3.7 Three point bend analysis ofUHMWPE/PS composites.
Composition Span, L Width, B Depth, D Slope, M Flex Modulus,
UHMWPEiPS (meters) (meters) (meters) (N/M) E(Pa)
100 : 0 0.042 0.0101 0.0031 8248 5.09 X 10'
82 : 18 0.042 0.0105 0.0033 14436 7.09 X 10'
39:61 0.042 0.0110 0.0052 72132 8.64 X 10
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Figure 3.8 Force vs. deflection curves for 3 point bending analysis of virgin UHMWPE
(a), 18 wt. % PS/UHMWPE (b) and 61 wt. % PS/UHMWPE (c).
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Preparation of Composite Foam<;
Introduction
CO2 - induced foaming of polymer composites was observed in the screening
experiments in which operating temperatures exceeded the crystalline melting point of
the polymer substrate. These results suggest a new, potentially useful route to the
synthesis of microporous composite foams. The technique is assessed in the brief study
described below. A complete study will be conducted by a successive graduate student.
Background
CO2 has previously been shown to be an effective physical blowing agent for the
production of single component polymeric microcellular foams. In the earliest reports,
Suh and coworkers^^ '^ saturated polymer substrates with CO2 at high pressure, vented the
system and then heated the substrate to induce supersaturation. The resulting nucleation
and growth of the gas phase within the substrate causes expansion of the matrix and
results in pore formation. For amorphous polymers expansion of the matrix occurs only
at foaming temperatures in excess of the glass transition temperature of the substrate.
Beckman and co-workers later reported a slightly different approach."^'^* Amorphous
polymers were equilibrated with CO^ at conditions that resulted in a significant
depression of Tg. A rapid, isothermal pressure quench was then used to induce
supersaturation and foaming.
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Synthesis of Polvstvrene/HDPE Composite Foams
Polystyrene/HDPE composite foams of various compositions were prepared usin^
the protocol described in Table 3.8. Note that the foaming temperature (140 °C) is
slightly greater than the crystalline melting point of HOPE (137 °C). Post-foaming
processing steps (e.g., the second polymerization period) are conducted below the meltin
point of HOPE to preserve the expanded structure.
Table 3.8 Protocol for the preparation of HDPE/PS foams
initiator:
substrate:
soak:
polymerize:
drain (foam):
polymerize:
tert-huty\ peroxide, 0.3 mol %
1.5 g 125 mil HOPE
100 "C, 178 bar, 2hr., t,,,T„pn= 160 hr
140 °C,2hr.,t„2T-B,.o= 1-5 hr.
140 "C
120 'C, 12- 16 hr.
Table 3.9 Composition and density of polystyrene/HDPE composite foams.
Monomer Cone. Mass Uptake Approx. Density
Substrate wt. % wt. % (g/cm^)
HOPE 0 0 0.33
HOPE 22 29 0.25
HOPE 42 44 0.27
HOPE 52 116 0.43
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In each experiment, a closed cell foam that completely filled the reaction vessel
was produced: foam density was limited by the available expansion volume. SEM
micrographs of the foam structures obtained subsequent to cryofracture of the composites
are shown for virgin HOPE and HDPE/PS composites containing 20 and 52 wt % PS
(mass uptake 29 % and 1 16 %) in Figure 3.9. A general trend of increasing cell wall
thickness with increasing PS concentration was noted but not investigated further. The
micrographs also show evidence of a bimodal bubble size distribution. In amorphous
polymers this phenomena has been attributed to the nucleation of sequential generations
of bubble during the foaming process.'^
Preparation of Polymer Foams in a Variable-Volume View Cell
Earlier it was noted that PMP/PS composites prepared using protocol 3 exhibited
an expanded foam morphology. Expansion of the composite suggests that during its
synthesis the crystalline phase, which would act as physical cross-links and retard
expansion, was destroyed. The melting point of PMP is, however, ~235 "C,
approximately 100 °C above the process temperature.
An experiment was conducted in a 1 00 ml variable volume view cell described in
Chapter 2 to answer two questions: First, is the melting point ofPMP depressed by the
high styrene content of the CO2 solution? Second, at what point in the process does
foaming occur?
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Figure 3.9 SEM micrographs of microcellular foams: HOPE (top), 20 wt. % PS/HDPE
(middle) and 52 wt. % PS/HDPE (bottom).
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PMP (3.75 g, 2.3 mm thick sheet) was exposed to a 25 % solution of styrene/0.3
mol % t-butyl perbenzoate in CO^
.
Initially, the view cell was maintained at 80 and
240 bar. After 1 hour there was no appreciable difference in the appearance of the film.
Temperature was increased to 90 °C for 1 hour and the film became stark white and
slightly expanded. Upon heating to 100 'C for two hours the film collapsed. The
turbidity of the solution at these conditions indicated substantial polymerization of
styrene. After maintaining the cell at 110 for 1 hour the temperature was increased to
120 "C for 2 hours. A PMP/PS gel was clearly visible in the cell. Upon depressurization
the gel expanded and filled the available cell volume. The final product was a rigid foam
(density -0.3 g/cc) that contained 50% PS by weight. HOPE homopolymer foams were
also prepared in the view cell. Foaming was observed during depressurization at
temperatures in excess of 140
The experiments indicate that melting and recrystallization of the substrate
polymer are important variables in the production of the composite foams. In some
systems (e.g., PMP/styrene/COj) the melting point of the polymer, and thus foaming
temperature) can be depressed by the presence of the monomer/C02 solution.
Interfacial Polymerization in SCF CO ^-Swollen Polymer Membranes
The potential for modifying polymer membranes by the interfacial reaction of
reagents delivered to the polymer host by diffusion from COj solutions at opposing
membrane surfaces was investigated (Scheme 3.3).
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Experimental
All reactions were conducted in the polymer membrane reactor equipped with a
floating piston described in chapter 2. The piston supports a 5 cm o.d. membrane.
Circular PCTFE, Nylon 6-6 and Teflon membranes (5 cm o.d.) having nominal
thicknesses of 63 mil and masses of approximately 7, 3.5 and 7 grams respectively were
cut from commercially available sheet stock. The properties of the polymer substrates are
given in Table 3.1. Styrene was used as monomer and either TBPB (reactions at 80 °C)
or AIBN (reactions at 40 °C) as initiator.
All reactions involved variants of the following procedure: A tared membrane
was mounted in the floating piston and inserted into the flange cavity in the reaction
vessel. The vessel was sealed, purged with COj and equilibrated in a circulating
temperature bath. Known quantities of monomer and initiator were transferred via
syringe to the reaction vessel at opposing sides of the membrane. CO2 was transferred
simultaneously to both sections of the vessel from a tared holding tank using a common
high pressure line. Once the transfer was complete, a valve in the line was closed to
isolate the sections (see Figure 2.5). The mass of CO2 transferred was determined
gravimetrically by difference. The vessel was maintained at the initial conditions for 1-2
hours and the vessel contents mixed occasionally by rocking. Vessel temperature was
then raised and equilibrated at the reaction temperature. Finally the vessel was vented,
cooled and the composite isolated, weighed and analyzed.
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Results and Discussion
The results for experiments using a styrene charge of either 10 g or 1 g and an
initiator charge of 0.001 mol. are given in Tables 3.10 and 3.11. Details can be found
the data tables in Appendix 1
.
in
Table 3.10 Composition of polymer composites prepared by interfacial polymerization
in membranes (monomer charge = 10 g, initiator charge = 0.001 mol.).
Mass Uptake %
Substrate
Temp.
("C)
4hr.
reaction
12 hr.
reaction
20 hr.
reaction
Reaction
Pressure (Bar)
PCTFE 120 9.6 18.7 31.3 200 - 230
PCTFE 80 2.1 3.8 6.6 140-150
Nylon 6-6 120 2.5 5.0 195 -220
Teflon 120 6.2 175
Table 3.11 Composition of polymer composites prepared by interfacial polymerization
in membranes (monomer charge = 1-2 g, initiator charge = 0.001 mol.).
monomer Temp.
Substrate charge (g) (°C)
Mass Uptake %
4 hr. 20 hr.
reaction reaction
Reaction
Pressure (Bar)
PCTFE
PCTFE
PCTFE
1.0
2.0
1.0
80
80
120 0.47
0.44
1.17
0.93
170
180
265 - 300
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ATR-IR spectroscopy was conducted on both sides of Nylon 6-6 and Teflon
membranes modified using 10 g of monomer and a 20 hr. reaction time. In both cases,
polystyrene (spectral features aromatic and aliphatic C-H stretching at 3100-2850 cm ',
aromatic C-C stretching at 1601,1493 and 1452 cm'', aromatic C-H out-of-plane bending
at 698 cm ') was present on both sides of the membrane indicating that both monomer
and initiator permeated through the SCF-swoUen polymer. Solid polystyrene powder was
recovered from the initiator side of the vessel in each experiment.
Low-voltage SEM microscopy provides dramatic evidence that styrene monomer
dissolved in CO2 is permeable in Teflon. Figure 3.12 shows a secondary electron image
of the initiator side of the membrane. "Bubbles" and "broken bubbles" of PS are evident
at the polymer surface. A backscattered electron image provides evidence that the
bubbles are indeed PS (Figure 3.13 ). The backscattered electron yield from PS is less
that of Teflon due to its lower average atomic number and thus the PS regions appear
darker than the regions of unmodified Teflon. SEM images of the monomer side of the
membrane suggest a uniform modification has occurred.
The CO2 - induced permeation of styrene in Teflon is likely a consequence of the
absence of surface tension in SCF solutions. The low surface energy of Teflon prevents
most liquids, including styrene, from wetting (or permeating) Teflon membranes.
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Figure 3.10 ATR-IR spectra of Nylon 6-6 (a) and a PS modified Nylon 6-6 membrane:
initiator side (b) monomer side (c).
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Figure 3.11 ATR-IR spectra of Teflon (a) and a PS modified Teflon membrane: initiator
side (b) monomer side (c).
68
Figure 3.12 Secondary electron SEM micrograph of a PS modified Teflon membrane.
The surface shown was exposed to the initiator side of the reactor.
Figure 3.13 Backscattered electron SEM micrograph of a PS modified Teflon
membrane. The surface shown was exposed to the initiator side of the reactor
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Conclusions
Schemes 3.1-3.3 have been shown to be effective methods for the preparation of
polymer/polymer composites in SCF CO2. The screening experiments suggest these
techniques are generally applicable and can be applied to virtually all polymer substrates
including those that are solvent resistant or difficuh to process. The degree of
modification does not appear to be limited by the solubility of the monomer in the
swollen substrate, the surface energy of the substrate, or by the chemical stability of the
substrate, but does appear to be limited in polymers that exhibit high degrees of
crystallinity. The modification of Teflon (crystallinity > 90 %) resulted in relatively
small mass uptakes despite the demonstrated (by the membrane experiments)
permeability of styrene dissolved in SCF COj through PTFE membranes.
Screening experiment data indicate that the degree of modification is a function of
reaction conditions, but the conditions used in the study were chosen arbitrarily for the
purpose of demonstrating modifications of increasing severity. The PCTFE/COj/styrene
system was chosen for an extensive investigation of the critical parameters that control
composite composition and structure in Schemes 3.1 and 3.2 (Chapter 4). The membrane
approach (Scheme 3.3) did not exhibit compelling advantages to Scheme 3.2 that would
justify a more extensive investigation.
Areas of promise that were demonstrated, but not pursued beyond the initial
experiments include the synthesis of polymer composite foams and the surface
modification of low surface energy, solvent resistant polymers such as PCTFE and Teflon
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with hydrophilic and/or hydrophobic polymers. Of particular interest is the production of
graded interfaces between the modified and unmodified regions of the composite.
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CHAPTER 4
POLYMERIZATION OF STYRENE IN CO^ - SWOLLEN
POLY(CHLOROTRIFLUOROETHYLENE)
Introduction
The screening experiments described in Chapter 3 were designed to render a
broad assessment of the synthesis of polymer composite materials in supercritical carbon
dioxide. The experiments indicated that C02-assisted infusion of vinyl monomers into
and subsequent free radical polymerization within organic polymer substrates is a general
route to the preparation of polymer/polymer composite materials and that the extent of
modification is a function of reaction conditions. In this chapter, the focus is narrowed to
a single system and reaction scheme for the purpose of investigating the critical
parameters that control composite composition and structure. An exhaustive study of the
I
heterogeneous free radical polymerization of styrene within COj-swollen PCTFE to yield
PS/PCTFE blends was conducted to address the following issues: First, can experimental
variables including temperature, pressure, monomer concentration and
absorption/polymerization conditions be manipulated to control composite composition
and structure? Second, can the results of these experiments be explained via the
underlying phase behavior and the absorption and polymerization kinetics of the system?
Third, can modifications (e.g. PS, uptake) substantially in excess of the equilibrium
solubility of monomer in the CO2- swollen polymer be explained by in situ
polymerization as suggested in Chapter 3? Fourth, does the nascent PS exist as a discrete
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phase or is there extensive grafting reactions to the substrate polymer? Fifth, what is the
structure of the composites, how is PS distributed throughout the blend, and can these
characteristics be controlled? Finally, are blends prepared by this approach unique
materials?
PCTFE was chosen as the substrate for this study for several reasons. It is
chemically and spectroscopically dissimilar to polystyrene which facilitates analysis of
the blends. It exhibits excellent solvent resistance, chemical stability and barrier
properties making it both a difficult substrate to chemically modify' and a rigorous test
for the SCF modification scheme. Styrene was chosen as a monomer based on the
successful preparation of PS/substrate composites during the screening experiments and
the availability of styrene/COj phase equilibrium data.^
Data from this study is presented primarily in the form of figures. Additional
details for the experiments can be found in Appendix 2.
General Procedures
Materials
Poly(chlorotrifluoroethylene) (KEL-F, 3M Co.) in the form of 63 mil thick sheets
was obtained from Modern Plastics Inc. (Springfield, MA). The actual thickness of the
film was about 0.164 cm with thickness variations of approximately 0.004 cm. The
percent crystallinity of the PCTFE was determined by DSC to be approximately 30%
using 10.3 cal/g for the heat of fusion of the perfect crystal.^ The Tg of PCTFE is
reported to be 52 °C^ no distinct transition was observed by DSC analysis in this study.
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Carbon dioxide (99.99% purity) was obtained from Merriam Graves and used as
received. Styrene (Aldrich) was distilled from calcium hydride under reduced pressure.
AIBN (Polysciences) was recrystallized twice from methanol. /er/-Butyl perbenzoate
(Aldrich), ethylbcnzene (Fisher) and ruthenium tetroxide (0.5% in water, Polysciences)
were used as received.
General Methods
Attenuated total reflectance infrared spectroscopy (ATR-IR) was performed using
a Nicolet 44 FTIR with a 45° KRS-5 internal reflection element. Spectra were recorded
at 2 cm ' resolution and a minimum of 128 scans were accumulated. Differential
scanning calorimetry (DSC) measurements were conducted on a DuPont 2000 DSC under
flowing, dry nitrogen at a heating rate of 10 °C per minute. After the first heating run, the
samples were quenched with liquid nitrogen and the measurements were repeated.
Molecular weight determinations were made by gel permeation chromatography
using a series of Polymer Laboratories PL gel columns (lO'', 10\ 10^ A), a Rainin Rabbit
pump, an IBM UV detector and THF as the mobile phase. Data were collected and
analyzed using Polymer Laboratories software. Calibration was performed using narrow
molecular weight distribution polystyrene standards.
Transmission electron microscopy (TEM) was performed using a JEOL 100 CX
electron microscope. Sections of PCTFE and PCTFE/polystyrene blends were
microtomed at room temperature using a diamond knife and stained with ruthenium
tetroxide in a glass desiccator. Semi-quantitative energy dispersive x-ray analysis (EDX)
was performed using a Fisons Mark VI Super Quantum detector on a JEOL JSM-820
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scanning electron microscope. Prior to analysis by EDX the samples were microtomed in
cross-section and a light carbon coating was applied. Qualitative elemental composition
maps were acquired using a Princeton Gamma Tech Imix-XD Prism Detector using
uncoated samples microtomed in cross-section.
Determination of CO^ absorption kinetics in PCTFE was performed in a manner
similar to that described by Berens for other polymers.''^ Sections of PCTFE weighing
approximately 1 gram were sealed individually in the reaction vessels. The vessels were
purged with CO2 three times, preheated in a circulating temperature bath and filled with
COjto the desired pressure from the manifold. After the appropriate time, the vessels
were vented and the PCTFE samples were quickly transferred to a Cahn 29
electrobalance. Mass loss (COjdesorption) as a function of time was recorded beginning
approximately 45 seconds after depressurization.
Determination ethylbenzene absorption kinetics in PCTFE from ethylbenzene
/CO2 solution was performed using a variation of the technique described above. Mass
loss is determined over greater periods of time (several weeks) to ensure that all CO2 had
desorbed from the substrate. The residual mass gain is attributed to ethylbenzene.
Ethylbenzene absorption kinetics in PCTFE from neat ethylbenzene was determined
gravimetrically.
Diffusion rates of COj and ethylbenzene in PCTFE were estimated using the
absorption kinetics data by the method of Crank.^ The full solution to the diffusion
equation (Tick's Law) for a slab is:
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^ m=o(2w+l)
jexp -Z)(2m + l)V/
at short times the following approximation holds:
Ml 4 Dt 1/2
where Mt is the mass of CO^ absorbed by the sample at time t, M„ is the equilibrium
mass absorbed and 1 is the sample thickness. For Fickian diffusion, diffusivity (during
sorption) can be estimated by determining the initial slope of plots of Mt/M vs. t"^ / 1
.
The synthesis of PCTFE/polystyrene blends involved variants of the general
procedures described in Chapter 3 (Schemes 3.1 and 3.2): A single tared sample (~1 x 4
cm, ~1 .8 g) of PCTFE was placed in a reaction vessel which was sealed, purged with
CO2, weighed and immersed in a circulating controlled temperature bath equilibrated at
80 °C. /erZ-Butyl perbenzoate (0.3 mol % based on styrene) was dissolved in styrene (~3
ml) and the solution was transferred to the vessel via syringe. The vessel was filled with
CO^ to 240 bar using the high-pressure manifold. The contents of the reactor were mixed
using a vortex mixer, reequilibrated to 80 °C and repressurized to 240 bar (the pressure
drops due to the dissolution of styrene); the mass of CO^ transferred was determined
gravimetrically. The PCTFE sample was allowed to soak for a period of 4 hr. at these
conditions and then the vessel was drained, pressurized with Nj ( 1 00 bar) and heated at
120 °C for 4 hr. The reactor was cooled and opened and the PCTFE sample was isolated
and weighed. Variations of this procedure involved changing the soaking time over a
range of 1 - 24 hr., the styrene concentration from 1 5 - 60 wt. % and the pressure from 50
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- 300 bar. Reactions were also run at a soaking temperature of 40 °C and a heating
temperature of 80 °C (with AIBN as the initiator and CO, pressure of 103 bar). Another
variation involved heating the reactor after the soaking period prior to draining to
promote polymerization in the presence of the SCF/monomer solution, draining and
reheating under N^.
Reactions were run in 316 stainless steel reaction vessels fabricated from 1.2 cm
i.d. X 10 cm sections of 1/2" schedule 160 stainless steel pipe described in Chapter 2.
The reaction vessels were filled with CO^ from a high-pressure manifold described
previously. A variable-volume view cell similar to that described by McHugh* was used
to verify phase behavior.
Results and Discussion
Key Results of Screening Experiments
In the screening experiments reported in Chapter 3, PCTFE/PS blends were
prepared via Schemes 3.1 .and 3.2 using 63 mil PCTFE sheet samples, styrene as the
monomer, CO, as the SCF and either AIBN or tert-buiy\ perbenzoate as the initiator. In
each synthesis the concentration of styrene in carbon dioxide was -37 wt. % and 0.3 mol.
% initiator was used. The reaction conditions chosen for these syntheses gave mass
uptake values of 4.8, 13.4 and 75.7 wt. % based on the original mass of the PCTFE sheet.
These mass increases correspond to blends of ~5, 12 and 43 wt. % polystyrene. The 5%
blend was prepared by soaking the PCTFE sample in the supercritical solution at 40 °C
and 103 bar for 4 hr., draining and pressurizing the reactor with N, (100 bar) and then
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heating at 80 °C for 4 hr. AIBN was used as the initiator. The 12% blend was prepared
similarly, except that the soaking and heating periods were at 80 °C, 240 bar and 120 °C,
1 00 bar Nj, respectively, and tert-huty\ perbenzoate was the initiator. The soaking and
heating temperatures were chosen based on the thermal stability of the initiators; the half-
lives are hundreds of hours at the soaking temperatures and ~2 hr. at the heating
temperatures.^ The 43% blend was prepared using tert-h\x{y\ perbenzoate by soaking at
80 °C, 1 50 bar CO^ for 4 hr., heating (8 h, 120 °C), draining and then reheating (12 h, 120
°C, 1 00 bar N2).
It is clear from the results of these experiments that blend composition is
controlled by the reaction conditions, but these conditions were chosen somewhat
arbitrarily for the purpose of demonstrating substrate modifications of increasing severity.
Below, experiments that address the phase behavior and absorption kinetics of the system
and the effects of important experimental parameters on blend composition are discussed.
These experiments were designed to help establish rational guidelines for predicting
blend composition and structure.
Phase Behavior and Absorption Kinetics
Knowledge of the phase behavior and absorption kinetics in the
PCTFE/COj/styrene system is required to understand blend synthesis and control
composite composition and structure. COj/styrene phase behavior has been reported by
Suppes and McHugh." P-x data at 35 °C and 80"C and critical mixture data are given in
Figures 4.1 and 4.2. Except as noted all experiments in this study were run at conditions
at which styrene and CO2 are a single phase.
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Figure 4.1 Pressure-Composition data for CO^/styrene at 35 °C ( ) and 80 °C (•). Data
of McHugh.^
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Figure 4.2 Critical mixture data for COj/styrene. Data of McHugh,
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The solubilities of CO2 in PCTFE at two conditions of approximately equal CO^
density, 40 °C, 103 bar and 80 °C, 240 bar were determined using a method similar to
that described by Berens.' These conditions correspond to the temperatures and pressures
used during the soaking periods in the synthetic protocols. CO2 solubility was measured
by exposing PCTFE samples to COj in pressure vessels under these conditions for
various extents of time. The vessels were depressurized and sample mass was measured
over -30 min beginning -45 sec after depressurization. Plots of mass vs. time"^ are
2
linear (r values are -0.99) indicating Fickian kinetics for desorption of CO, from PCTFE.
Figure 4.3 shows a typical desorption curve; the example shown in the figure is for
desorption from a PCTFE sample exposed to CO2 for 8 hr. at 80 °C and 240 bar. The
mass of CO2 absorbed during exposure was estimated by linear extrapolation to zero
desorption time. Absorption kinetics plots were compiled from absorption measurements
made at each time interval. Figure 4.4 shows plots of absorption vs. time for exposure of
I
PCTFE to CO2 at 40 °C, 103 bar and 80 °C, 240 bar. The plot of the 80 °C data indicates
an equilibrium solubility of -5.3 wt % and that this concentration is reached in -4 hr.
The plot of the 40 °C data indicates that equilibrium absorption has not been reached after
24 hr. The apparent maximum in the 80 °C curve is consistent with data from other
systems in which a semi-crystalline polymer is annealed by plasticization with COj. For
example Lambert and Paulaitis'° and Baldwin and Suh" observed maxima in time
dependent sorption studies of CO2 in poly(ethylene terephthalate) (PET). The decrease in
CO2 solubility at long times is attributed to an increase in crystallinity of the PET.
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Figure 4.3 Representative CO2 desorption data used to determine CO2 solubility in
PCTFE. The example shown is for a PCTFE film sample treated for 8 hr. at 80
°C and 240 bar CO2.
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Figure 4.4 Absorption kinetics for CO^ in PCTFE at 40 °C, 103 bar ( ) and 80 °C, 240
bar (•).
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While this method for measuring CO^ solubihty and absorption rates is sufficiently
accurate for these purposes, it is also possible to determine gas solubility in polymers
using a quartz spring balance.'" '^
The diffusivity of CO2 (during sorption) can be estimated^ by determining the
initial slope of plots of Mi/Moo vs. t"Vl where Mt is the mass of CO2 absorbed by the
sample at time t, Mco is the equilibrium mass absorbed and 1 is the thickness of the
sample. The diffusion coefficient for COj at 40 °C and 1 03 bar is estimated to be 7. 1 x
-8 2
1 0 cm /sec by this method. There is an insufficient number of points prior to reaching
equilibrium to accurately determine the diffusivity of CO2 at 80 °C
,
however a crude
-7 2
estimate of 4.8 x 10 cm /sec can be made from the data.
The kinetics for absorption of ethylbenzene (a model for styrene) into PCTFE
both from ethylbenzene/C02 solution at 80 ""C, 240 bar and from neat ethylbenzene at 80
°C were determined (Figures 4.5 and 4.6). Ethylbenzene was used as a model for styrene
i
because styrene polymerizes under these conditions. An equilibrium solubility of -4.7%
ethylbenzene in PCTFE (CO^-free basis) is attained after 4 hr. from a 40 wt. % solution
of ethylbenzene in CO2 (Figure 4.5). In comparison, equilibrium absorption from neat
ethylbenzene at 80 °C is -5.3% and requires over 100 hr. to achieve. The diffusion
coefficient of ethylbenzene in PCTFE at these conditions (neat ethylbenzene) was
-8 2
determined to be -1.6 x 10 cm /sec. Absorption of ethylbenzene from
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Figure 4.5 Absorption kinetics for cthylbenzenc in PCTFF from 40 wt. % solutions of
elhylbcn/,cnc in CO2 at 80 "C, 245 bar.
Figure 4.6 Absorption kinetics for etiiylbenzene in PC ITE from neat ethyibenzene at
80 "C.
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ethylbenzene/CO^ solution at 80 °C reaches equilibrium at essentially the same rate as
neat CO^. Using the limited kinetic data from Figure 4.5, a crude estimate of the
diffusion coefficient of ethylbenzene in CO^-swollen PCTFE is ~5 x 10"^ cmVsec, a -ha-
loid increase over the neat solution. The observed increase in diffusion rates is clearly
attributable to plasticization of the substrate with COj. Hydrostatic pressure has been
shown to decrease diffusion rates of penetrants in solid polymers.'^""
Blend Synthesis
The conditions of protocol 2 described in Chapter 3 were used as the basis for a
series of experiments to determine the extent to which the blend synthesis can be
controlled by experimental variables. This choice of conditions was made for several
reasons: First, a soaking period of 4 hr. at 80 °C and 240 bar is sufficient to reach
equilibrium solubility of both COj and styrene (by inference from the ethylbenzene data).
Second, 80 °C is well above the of PCTFE (52 °C). Sorption of COj has been shown
to depress the glass transition temperature of polymers. "^"''^ Operation well above T„
obviates concerns regarding the solvent-dependent location of the transition. Third, a
pressure of 240 bar is sufficiently high to be above the highly compressible region for
CO2 at 80 °C. Operating in the highly compressible region would amplify the effect of
slight variations in pressure from experiment to experiment. This point is illustrated in
the pressure profiling data that follows. Finally, operation in this regime results in mass
gains on the order of 1 5%. This level of polystyrene incorporation is low enough to
minimize changes in absorption kinetics and phase behavior, but high enough to facilitate
the characterization of the blends.
86
Soakini; Time Profiles
The first variable studied was duration of exposure of the PCTFE substrate to the
COz/styrene/TBPB. Soaking time was varied from 1 to 24 hr. prior to venting and
heating the infused PCTFE samples under nitrogen. Figure 4.7 shows mass uptake
results as a function of soaking time. In the absence of polymerization during the soaking
period, these data should mirror ethylbenzene absorption kinetics in PCTFE from CO2
solution under equivalent conditions. The data clearly indicate that this is not the case.
The validity of the ethylbenzene model for CO2 was tested by measuring mass
uptake in PCTFE as a function of time at 80 "C for solutions of styrene inhibited with 10
ppm 4-tert-butyl catechol in CO2 at 240 bar (Figure 4.8). The results are compared with
those from styrene/initiator/COj and EB/CO2 solutions at 240 bar and neat EB at 1 bar
in Figure 4.9. The inhibited styrene/C02 initially tracks the ethylbenzene/C02 data (EB is
a good model) and then exhibits a marked increase in mass uptake that likely coincides
with the consumption of inhibitor.
The mass of polystyrene incorporated in the PCTFE matrix from the
styrene/COj/initiator solution is far in excess of that predicted from equilibrium solubility
SCF-swollen matrix (based on the ethylbenzene model) and must be attributed to styrene
polymerization in the substrate.
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Figure 4.7 Mass uptake (polystyrene incorporation) as a function of soaking time. (80
'C, 245 bar, 38 wt. % styrene).
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Figure 4.8 Mass uptake (polystyrene incorporation) as a function of soaking time.
Monomer inhibited with 10 ppm 4-/^?r/-butylcatechol. (80 **C, 245 bar, 38 wt. %
styrene).
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Figure 4.9 Absorption kinetics in PCTFE at 80 °C for styrene/initiator/COj at 240 bar
(), inhibited styrene/initiator/C02 at 240 bar (•), EB/COj at 240 bar (O), neat
EB at 1 bar(n).
Polymerization in CO2 - swollen PCTFE can be considered to be a solid-state
analogue of emulsion polymerization. Polystyrene is neither soluble in CO2 nor miscible
with PCTFE and therefore must precipitate as a discrete phase in the PCTFE matrix. As
styrene in the substrate is consumed by polymerization, styrene in the fluid phase
repartitions between the solid and fluid phases, swelling both PCTFE and the nascent
polystyrene. The polymerization reaction thus induces a continuing absorption of styrene
during the soaking period producing the high polystyrene content blends indicated by the
data in Figure 4.9.
89
Styrene Concentration Profile
A series of experiments using the soaking and heating conditions of protocol 2
was run with varying styrene concentration (15-60 wt. %) in the SCF. The initiator
concentration was maintained at 0.3 mol. % based on monomer; the overall initiator
concentration in the fluid phase therefore varied with styrene concentration. Figure 4.10
shows a plot of mass gain vs. styrene concentration that indicates a linear increase in
polystyrene content with styrene concentration.
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Figure 4.10 Mass uptake (polystyrene incorporation) as a function of
styrene
concentration (80 'C, 4 hr., 245 bar).
The linearity of the data is likely fortuitous, because a number of
system
properties change with this one variable change. Both absorption
and polymerization
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kinetics change with concentration. Increases in styrene concentration also result in
increases in solvent quality of the fluid phase which affect the equilibrium partitioning of
CO2, styrene and initiator as well as initiator decomposition rates. A control experiment
using neat styrene/initiator solution at ambient pressure is discussed below.
Pressure Profiles
Two series of experiments were run to determine the effect of pressure on
polystyrene incorporation (Figures 4.1 1 and 4.12). In the first, the soaking period
pressure was varied but the total mass of styrene was held constant. Since the reactions
were run in constant volume vessels, less CO2 was used at lower pressures resulting in the
superposition of a concentration gradient on the pressure profile. In the second set of
experiments the quantity of styrene used was adjusted so that the fluid composition at
each pressure was the same. In both experiments, data was taken at pressures above and
below the cloud point pressure of the styrene/COj system. Both profiles exhibit maxima
in polystyrene content that are readily explained: At low pressure CO2 is too poor a
solvent to swell PCTFE sufficiently to permit rapid infusion of styrene. At high
pressures CO2 readily swells PCTFE, however it is also a much better solvent for styrene
and the partitioning of styrene in the fluid phase is enhanced. At intermediate pressures,
these competing effects balance and maxima are observed. Note that the maxima occur
in the vicinity of the cloud point pressure for the C02/styrene system.
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Figure 4.1 1 Mass uptake (polystyrene incorporation) as a function of pressure at
constant mass of styrene (80 ^C, 4 hr., 2.7g styrene).
e3
0 100 200 300
Pressure (bar)
400
Figure 4.12 Mass uptake (polystyrene incorporation) as a function of pressure at
constant styrene concentration (80 °C, 4 hr., 40 wt. % styrene).
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Temperature Profiles
Temperature is a complicated variable in this synthetic system and cannot be
easily isolated and controlled independently. Temperature changes affect absorption
kinetics, phase equilibrium, initiation and propagation kinetics, SCF density at constant
pressure and the physical state of the substrate. Manipulation of experimental parameters
can be used to partially compensate for some of these differences: initiators can be
chosen such that half-lives are approximately equal during the soaking and heating
periods at different temperatures and system pressure can be adjusted to maintain
approximately equivalent fluid density. These adjustments were made when appropriate.
The effect of temperature remains sufficiently complicated that it is not studied as
a variable beyond the comparison of the 40 °C and 80 °C soaking conditions using
protocols 1 and 2. Both protocols employ soaking periods of 4 hr. Figure 4.3 indicates
that the soaking period is of sufficient duration to achieve equilibrium CO2 solubility at
80 °C but not at 40 ''C. The difference in absorption kinetics at these conditions serves as
a consistent explanation for the composition difference between the 5% and 12% blends
prepared at 40 ''C and 80 "C respectively. The structures of the blends (distribution of the
PS phase) are also influenced by absorption kinetics and are decidedly different for the
samples prepared at the two conditions. This point is discussed in detail in the blend
analysis section.
In the case of semicrystalline polymers, synthesis of the blends at temperatures
which exceed the crystalline melting point of the polymer can have a profound effect on
the resulting morphology. As discussed in Chapter 3, highly expanded composite foams
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have been produced by the synthesis of poly(4-methyl- 1
-pentene)/polystyrene blends at
temperatures in excess of the depressed (by the styrene/SCF solution) melting point of
poly(4-methyl-l-pentene).^° All experiments described in this chapter were carried out at
a temperature below the melting point of PCTFE.
Control Experiments
A control experiment using a neat styrene/initiator solution at ambient pressure
was conducted using the conditions of protocol 2. A sample of PCTFE was exposed to
the solution at 80 "C for 4 hr., removed from the solution and heated to 120 °C under a
nitrogen blanket for 4 hr. The mass uptake was 7 wt. % and the modification found to be
confined to the surface. The surface modification observed in the absence of COj
produces a laminate structure rather than a blend (see below). The actual incorporation of
polystyrene in the PCTFE matrix is significantly less than 7 wt. %. In contrast, all blends
prepared using COj contain polystyrene throughout the thickness of the samples.
A second control experiment run under conditions of protocol 1 (40 ^C soak 4 hr.,
80 °C polymerization 4 hr.) produced a 2% mass uptake and a laminate structure.
Blend Characterization
The characterization of polymer composites produced during the screening
experiments was limited to verification that polymer was produced as the second phase.
In the work described in this chapter, PCTFE/PS composite samples were characterized
to address the following issues: Are the composites true blends composed of discrete
PCTFE and PS regions or does grafting occur? What is the blend morphology and how is
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PS distributed in the composites? Can blend structure be manipulated? What is the
molecular weight of the incipient PS phase? How do composites prepared using CO^
compare to control experiments?
The issue of PS grafting to PCTFE was addressed by extracting a PCTFE/PS
blend (12 wt. % PS) with THF at room temperature for 3 min. ATR-IR spectra for virgin
PCTFE, the 12 % blend and the blend following extraction are shown in Figure 4.13.
The spectrum of the blend indicates significant polystyrene incorporation by the presence
of the spectral features of polystyrene (aromatic and aliphatic C-H stretching at 3100-
2850 cm ', aromatic C-C stretching at 1601,1493 and 1452 cm ', aromatic C-H out-of-
plane bending at 698 cm ') and the reduced intensity of the C-F stretching vibrations at
1286, 1 192 and 1 122 cm '. The spectrum of the blend after extraction with THF indicates
that nearly all of the PS has been removed from the ATR IR sampling region (the
sampling depth using a KRS-5 internal reflection element for the wavenumber range of
the peaks discussed above is ~ 1-3 |j,m). Transmission IR analysis of the extract indicates
that pure polystyrene and no graft copolymer was extracted. It is concluded that radical
grafting of styrene to PCTFE either does not occur or does not contribute significantly to
the mass gain observed in the blends.
The solvent resistance of PCTFE impedes the polystyrene extraction from the
bulk of the blend, however 70 wt % of the styrene present in the blend could be extracted
using refluxing THF.
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Figure 4.13 ATR-IR spectra of PCTFE (a), a 12% PCTFE/polystyrene blend (b) and a
12% blend sample extracted with THF for 3 min at room temp (c).
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Additional evidence of the absence of grafting was obtained from blends of
polystyrene and poly(4-methyl-l
-pentene) (PMP) prepared using the same SCF strategy.
All of the polystyrene could be extracted from a 50 wt. % polystyrene/PMP blend. The
hydrocarbon backbone of PMP is more susceptible to radical grafting than PCTFE. The
absence of radical grafting to the PCTFE substrate is further supported by the thermal
analysis results discussed below.
Polystyrene was extracted from thin cross-sections of a 43 wt. % PS blend using
THF and analyzed using gel permeation chromatography. The analysis indicates that
high polymer is formed within the matrix (M,=72 000, M^=230 000, MJM = 3.2).
Trimming the edges of the cross-sections to remove PS formed near the surface of the
composite prior to extraction did not significantly affect the observed molecular weight
distribution (M„=85 000, M^=235 000, MJM = 2.8). Extraction and analysis of
polystyrene from the 12 wt. % blend indicated a M„ of 140 000 and a of 380 000
(MyM„= 2.7). The high molecular weights measured for the PS phase are consistent with
the solid-state emulsion model for polymerization in SCF-swoUen solid polymers.
Polymerization in the fluid phase during composite synthesis was not studied
extensively, however the following observations were made; In most cases the addition
of methanol or isopropanol to the styrene solutions recovered after expansion resulted in
little or no precipitation of polystyrene. Exceptional cases were those in which long
soaking periods were used (> 12 hr.) and those in which the vessels were heated to induce
polymerization in the presence of the SCF/monomer solution. It is evident from visual
inspection, TEM and IR analysis that little if any mass gain in the blends is attributable to
precipitation of polystyrene on the surface of the substrate. For example IR absorption
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peaks due to PCTFE are clearly visible in Figure 7b. The sampling depth for 45° KRS-5
internal reflection elements at 1200 cm ' is ~1 micron. A possible, but unverified,
explanation for this behavior is the low concentration of radicals and relatively slow
diffusion rates in the swollen polymer phase compared to the fluid phase. Under these
conditions radical lifetimes in the substrate are long relative to those in the fluid phase.
DSC analysis (Figure 4.14) was performed on samples of virgin PCTFE and a
PCTFE/polystyrene blend with -43 wt. % polystyrene (the swollen PCTFE sample
heated at 120 °C in the presence of the SCF solution).
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Figure 4.14 DSC endotherms for PCTFE (a) and a 43% PCTFE/polystyrene blend (b).
A polystyrene glass transition for the blend at -100 °C and a strong PCTFE
melting endotherm with a peak melting point equivalent to that of the virgin sample (212
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°C) were observed. The heat of fusion for PCTFE in the blend was found to be slightly in
excess of that of the virgin sample (after normalization to account for the polystyrene
content of the blend). These results support the conclusion that polystyrene and PCTFE
are present in the blends as discrete phases.
Transmission electron microscopy was performed on several blends. The samples
were microtomed in cross-section so that the distribution of polystyrene from the surface
to the center of the samples could be examined. In all cases SCF-produced blends
exhibited phase separation throughout the entire sample. Figure 4.15 shows TFM
micrographs of the centers of a virgin PCTFE sample and blends containing -5%, -12%
and -43% polystyrene. The ruthenium tctroxide-stained polystyrene is the dark phase.
Note that the apparent domain size of the polystyrene increases with polystyrene
concentration. In all cases domain sizes are small relative to those observed in
immiscible polymer blends prepared by traditional methods such as melt extrusion.
Combined with the DSC results that indicate the crystalline framework of the substrate
polymer remains undisturbed during blend preparation, the small domain sizes evident in
the TEM analysis suggest that styrenc polymerization occurs exclusively in the
amorphous regions for composite synthesis at temperatures below the crystalline melting
point of the substrate polymer. This conclusion is also consistent with permeability
studies that indicate gas permeation in polymer membranes occurs exclusively in the
amorphous regions.'" The exception to this rule is PMP which has the unusual property of
exhibiting a crystal phase density that is lower than the density of the amorphous regions.
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The distribution of polystyrene in 5% and 12% PS/PCTFE blends as a function of
depth in the substrate was determined using energy dispersive X-ray analysis (EDX).
Direct quantitative analysis was precluded by a light carbon coating, however, the relative
concentration of carbon as a function of depth could be determined by conducting spot
analysis at various distances from the edge of the sample. Plots of relative carbon
concentration vs. depth are shown in Fig 4. 1 6 for ~5 and -12 wt. % blends.
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Figure 4.16 Relative carbon concentration vs. depth for a 5% blend prepared using
soaking conditions of 37 wt. % styrene, 4 hr., 40 °C, 103 bar CO2, and a 12%
blend prepared using soaking conditions of 37 w1. % styrene, 4 hr., 80 °C, 240
bar CO2.
The carbon content data are relative to a virgin PCTFE sample coated with carbon at the
same time (assigned a carbon content of 1 .0). Values above 1 .0 indicate the presence of
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polystyrene. The analysis suggests that the 5% blend has a pronounced polystyrene
concentration gradient and that there is no appreciable concentration gradient in the 12%
blend. The difference can be rationalized by comparing the conditions of the syntheses.
The 5% and 12% blends were prepared using 4 hr. soaking periods at 40 °C and 80 °C,
respectively and as discussed above and demonstrated in Figure 4.3, equilibrium
absorption was reached after 4 hr. at 80 °C, but not at 40 °C.
Two PCTFE-polystyrene samples were prepared in control experiments without
SCF CO2 as a solvent. PCTFE samples were soaked in styrene/initiator solutions,
isolated and healed at the same temperatures for the same time periods at ambient
pressure. A mass increase of about ~2 % was found for soaking at 40 °C and heating at
80 °C and an increase of 7 wt. % was observed for soaking at 80 °C and heating at 120
°C. Qualitative elemental composition maps of the cross-sections of the 7% blends
indicates the polystyrene was confined to the surface region of these samples. Figure
4.17 compares the distribution of carbon and fluorine in the 7% control sample prepared
in neat styrene to a 12% blend prepared using a 40 wt. % solution of styrene in CO2. The
sample prepared in CO2 exhibits a uniform PS distribution. The thickness of the
modified layer is about 200-250 microns.
TEM analysis of the control samples indicated phase separation near the edges of
the sample but interiors identical to virgin PCTFE. The interface between the phase
separated region and the unmodified interior of these samples was very sharp. PCTFE is
sensitive to etching by the electron beam while polystyrene is not and the samples were
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Figure 4.17 EDX carbon and fluorine element composition maps for
PCTFE/PS composites prepared with and without CO2.
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selectively etched along this interface, ablating the interiors during TEM analysis. The
analysis provides further evidence that the control procedure produces only shallow
surface modifications.
Conclusions
Blends of polystyrene and poly(chlorotrifluoroethylene) can be prepared by
infusion of styrene into and radical polymerization within solid PCTFE using
supercritical COj as a solvent. GPC analysis of polystyrene extracted from the blends
indicates that diffusion rates in swollen PCTFE matrices are sufficiently rapid such that
polymer of high molecular weight (>100 000 g/mol) can be produced. The PCTFE
matrix retains its basic geometry and the crystalline regions of the sample are unaffected.
The polystyrene exists as discrete phase-segregated regions throughout the thickness of
the PCTFE sample and little if any grafting reactions occur. Absorption kinetics indicate
that plasticization of PCTFE with CO2 significantly enhances the diffusion rate of styrene
in the matrix. Under the conditions studied, polymerization occurs competitively with
the absorption of COj and styrene. When CO2 is not present the absorption of styrene is
slow and only surface modifications are observed. Polystyrene content can be controlled
by adjusting the concentration of styrene in the supercritical fluid or by controlling the
time the PCTFE film is in contact with the fluid (soaking time) prior to venting. The
results indicate that composition gradients in the blends can be produced by using
soaking periods shorter than the time required to achieve equilibrium.
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CHAPTER 5
CHEMICAL FLUID DEPOSITION
Introduction and Overview
Chemical Fluid Deposition (CFD) is new process by which high-purity metals are
deposited from SCF CO2 solution via thermal or chemical reduction of soluble
organometallic compounds. The process was a fortuitous development of an
investigation of the preparation of polymer metal/nanocomposites in SCF C02by the
sequential infusion and reduction of organometallic precursors SCF C02-swollen polymer
substrates (see Chapter 6). The deposition of high quality Pt and Pd thin films was
observed during experiments designed to study the reduction of organoplatinum and
organopalladium compounds with hydrogen in SCF COj. Analysis by x-ray
photoelectron spectroscopy indicated the films were virtually free of ligand-derived
decomposition products.
Low temperature deposition of high-purity metal from CO2 solution offers
intriguing possibilities in a number of applications, both within and outside the
boundaries of polymer science. This chapter describes experiments intended to assess the
efficacy ofCFD for metal deposition onto solid inorganic substrates and onto and within
solid polymer substrates and microporous inorganic solids. These include the deposition
of Pt and Pd films onto silicon wafers and fluoropolymer substrates and the uniform
deposition of Pt metal within an inorganic AI2O3 membrane containing 200 nm straight
pores. Some of the work represents a departure from both the principle objectives of this
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thesis and from polymer science in general. The potential utility of CFD in areas such as
microelectronics (as an alternative to chemical vapor deposition, CVD) and the synthesis
of supported catalysts is discussed below in part to justify this short deviation.
Oruanometallic Chemistry in Carbon Dioxide
There are no previous reports of the reduction of organometallic compounds in
carbon dioxide to yield metal deposits, however there are number of studies in which COj
either participates in, or is a solvent for, organometallic chemistry.
The potential for harnessing CO2 as a carbon source in the synthesis of organic
compounds has prompted research directed at the catalytic activation of CO2 using
transition metal catalysts. Reactions in which CO2 is both a reagent and solvent include
the homogenous hydrogenation of SCF COj using ruthenium (II) phosphine complexes.'
and the [Ni(C0D)2] / Ph2P-(CH2)4-PPh2 catalyzed reaction of 3-hexyne with CO2 to yield
tetraethylpyrone.^ Examples of the activation and reaction of C02in other solvents
include hydrogenation using the catalyst system [{Rh(C0D)()i-Cl)}2] / Ph2P-(CH2)4-PPh2
in DMSO/NFtv^ and co-polymerization of CO2 with epoxide and propylene oxide using
ZnEt2 as catalyst. CO2 activation with transition metals generally requires complexes
that contain strong electron-donating ligands such as phosphines." CO2 activation is
undesirable during CFD and compounds that induce activation are avoided during study.
CO2 has also found utility as an inert reaction medium. Complete miscibility of
SCFs with gaseous reagents such as H2 render them ideal media for running reactions
between gases and soluble liquid or solid substrates. Rathke and co-workers investigated
the homogeneous cobalt carbonyl catalyzed hydoformylation of propylene in SCF carbon
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dioxide using high-pressure NMR and concluded that the reaction proceeded cleanly with
rates similar to those encountered in methylcyclohexane solution.' No evidence for
interaction between CO2 and cobalt carbonyl was observed at the reaction conditions used
(80 °C, 83 bar).
Potential Applications of CFD
The deposition of high-purity metal films is of critical importance to the
microelectronics industry and is one potential application of CFD. When assessing the
potential of any new technique, one must consider its attributes compared to those of
existing technology: a related technique for metal and semiconductor deposition is
chemical vapor deposition (CVD). In CVD, volatile precursors are vaporized under
reduced pressure at temperatures below their thermal decomposition temperature and
transported into an evacuated chamber containing a substrate by means of a carrier gas.
Thermolysis at or above the heated substrate results in the surface deposition of the
desired film. Precursor decomposition is often promoted using reactive gases such as
or O2 or can be photolytically induced using UV or laser irradiation. Side products
derived from the ligands are carried out of the reactor in the gas stream.
The identification and preparation of suitable precursors remains a major
challenge for CVD. The precursor must be chosen such that the incipient film is not
contaminated by the decomposition products. It also must be stable at temperatures at
which the vapor pressure of the compound is sufficient to promote transport, but be
sufficiently labile to decompose in the absence of solvent at the (heated) substrate
surface. Metal Organic CVD (MOCVD), a process by which metals are deposited from
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organometallic reagents, is the vapor phase process most closely related to the CFD
process described here. Ligands typically employed in MOCVD precursors include
alkyl, diolefm, allyl, cyclopentadienyl and P-diketonato groups. Fluorination of the
ligands is often required to achieve acceptable levels of volatility. Unfortunately, the use
of fluorinated precursors is accompanied by the generation of objectionable (and costly)
effluent streams.
In a recent review, Hitchman and Jensen cite the development of low temperature
and environmentally sound deposition techniques as high priority trends for future
advances in CVD.^' Metal deposition temperatures by thermal CVD typically exceed 300
"C. A reductions in process temperature would be advantageous in several respects: it
would aid in the control of depositions^', minimize residual stress generated by thermal
cycling in multi-step device fabrication that can lead to thermal-mechanical failure^
minimize diffusion and reaction of the incipient film with the dielectric substrate* and,
finally, render the deposition process compatible with thermally labile substrates such as
polymers.
The key difference between CVD and CFD is that in CFD the transport and
reduction of the precursor occurs in solution. The benefits of a solution-based process
include clean chemistry, low process temperatures and the elimination of the CVD
requirement of reagent volatility. Elimination of the volatility requirement removes a
major barrier to precursor development and could render the fluorination ofMOCVD
precursors unnecessary.
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Another potential application of CFD is the metallation of porous inorganic solids
in cases were deposition by conventional approaches such as metal ion exchange is either
ineffective or leads to a deleterious consequence. Examples include the metallation
nanometer-scale pores in catalyst supports such as silicalites and amorphous mesoporous
aluminosilicate molecular sieves:^ '" both are classes of zeolites that do not contain ion
exchange sites. The gas-like transport properties of SCF solutions, low viscosity and the
absence of surface tension, ensure rapid penetration of the pores. Uniform deposition
throughout the pores is further facilitated by independent control of the transport (via
solution) and deposition (via chemical reducing agent) mechanisms in CFD. By contrast,
these mechanisms are both thermally activated in thermal CVD and can not be effectively
decoupled. In principle, metallation of interstitial cavities by CVD could be conducted at
conditions where the deposition is kinetically limited. In practice, however, uniform
coatings in tortuous environments, even at the surface, is difficuh to achieve using
CVD." Metallation of porous substrates by CVD often resuhs in choking of the pores by
rapid deposition at the pore mouth.
Previous Applications of SCFs in CVD
In an attempt to circumvent precursor volatility requirements, Sievers and co-
workers proposed generation of organometallic aerosols from SCF solutions as an
alternate means for vapor phase transport of the precursors into the CVD deposition
chamber.'^"'" In the process, called supercritical fluid transport-chemical deposition
(SFT-CD), the precursor is dissolved in an appropriate SCF or SCF/liquid solvent
mixture and expanded through a restrictor to produce a fine aerosol prior to introduction
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into a CVD reactor. Except for the method of introducing the precursor into the reaction
chamber, the method is analogous to conventional CVD: decomposition and deposition
occur at a heated surface in the absence of solvent.
The authors provide several examples of the SFT-CD process including the use of
metal P-diketonates (e.g., bis(2,2,7-trimethyl-3,5-octanedionato)palladium(lI)) in solvents
such as pentane and N^O. The choice of solvents is puzzling. As the authors note, there
are explosion hazards associated with the use ofNp. Carbon dioxide is used as solvent
in only one example in which the precursor is indium triacetylacetonate. Precursors
soluble in light hydrocarbons (including pentane, which the authors use) and those
containing fluorinated ligands (e.g., Pd(hfac)2) are likely soluble in COj.
General Procedures
Materials
Dimethylcyclooctadiene platinum(II) (CODPtMcj) and palladium (II)
hexafluoroacetylacetonate (Pd(hfac)2) were obtained from Aldrich and used without
further purification. Both compounds have been used as precursors for metal organic
chemical vapor deposition (MOCVD) at the conditions summarized in Table 5.1.'^ '^
Carbon dioxide (99.99%) and hydrogen gas (pre-purified grade) were obtained
from Merriam Graves and used as received. Polished silicon test wafers (orientation:
<100>, Boron doped type P, 450 microns thick) were obtained from International Wafer
Service. Polytetrafluoroethylene (PTFE) was obtained commercially in sheet form (0.9
mm thick) and used without further purification. Anopore'^^ aluminum oxide membranes
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having 200 nm straight pores were obtained from Whatman International Limited. The
pores are oriented perpendicular to the surface, are approximately hexagonally packed
and exhibit a narrow pore size distribution.
Table 5.1 OMCVD precursors used for metal deposition by CFD.
Precursor
Deposition
Temperature ( "C) Reductant
Impurities
(atomic %)
CODPtMej
Pd(hfac)2
250
200+
H2
H2
4% C, 2% O
COD = cyclooctadiene hfac = hexafluoroacetyl acetonate
General Methods
Scanning electron microscopy (SEM) analysis of uncoated metal films deposited
on Si wafers was performed on either a JEOL 35 or JEOL 100 CX electron microscope
using secondary electron detectors. SEM analysis of the polymer/metal composites was
performed using a JEOL 6400 FXV Field Emission SEM. Secondary electron images (1
kV) of the uncoated composite surface and back-scattered electron images (BSl) of
composite cross-sections (light carbon coating, 1 5 kV) were obtained. Transmission
electron microscopy (TEM) analysis was performed using a JEOL 100 CX electron
microscope. Sections of AI2O3 membrane/metal composites were cast in epoxy and
microtomed at room temperature using a diamond knife. X-ray photoelectron
spectroscopy (XPS) was performed using a Perkin-Elmer Physical Electronics 5100
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spectrometer using Mg Ka excitation (400 W 1 5.0 kV). Spectra were recorded both
before and after sputter cleaning with Ar* ions.
All metal-deposition reactions involved variants of the following general
procedure: A single substrate (~1 x 4 cm section of Si wafer or PTFE film or a small
section of Anopore^'^ membrane) and a known mass of precursor
(dimethylcyclooctadiene platinum(II) or palladium(ll) hexafluoroacetylacetonate) were
placed in a reaction vessel (1 .2 cm i.d. sections of 1/2" schedule 160 stainless steel pipe)
which was sealed, purged with CO2, weighed and immersed in a circulating controlled
temperature bath equilibrated at 80 °C. The vessel was filled with COj using the high
pressure manifold described previously (Chapter 2). The contents of the reactor were
mixed using a vortex mixer, reequilibrated to 80 °C and repressurized to the desired
pressure; the mass of CO2 transferred was determined gravimetrically. The vessel was
maintained at this condition (which is non-reducing for the precursor) for a period of at
least one hour to ensure complete dissolution of the precursor and even heating.
Hydrogen gas was then transferred from a small manifold consisting of a secfion of high
pressure tubing capped at cither end with 1/8" high pressure valves and equipped with a
pressure gage. The transfer manifold, which has a known volume of 3.2 ml, was
maintained at a pressure in excess of that of the reaction vessel. The mass of H2
transferred (usually > 15 x molar excess relative to the precursor) was determined by
measuring the pressure drop in the manifold after the transfer and application of the ideal
gas law. The reduction was caiTied out for at least 1 hr. (Experiments described in
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Chapter 6 indicate the reduction is complete at reaction times much less than 1 hr.) The
reactor was cooled and opened and the sample was isolated and analyzed.
Solubility of the precursors at the reaction conditions were verified in a variable-
volume view cell similar to that described by M-^Hugh (Chapter 2). Known quantities of
precursor and CO2 were loaded into the view cell, heated and compressed to conditions at
which a single phase was observed optically. Pressure was then reduced isothermally in
small increments until phase separation (either liquid-vapor or solid-vapor) was induced.
Deposition of Pt by Hvdrogenolvsis of Dimethvlcvclooctadiene platinumdD
This section describes the deposition of platinum metal by reduction of
dimethylcyclooctadiene platinum(II) with hydrogen in SCF CO2 solution. CODPtMcj
was chosen as a precursor for this study for several reasons. High purity Pt films have
been obtained from the precursor by CVD in the presence of Hj.'' '^ Unlike most CVD
precursors, detailed information regarding the thermal decomposition and reduction of
the precursor with Hj is available. In studies unrelated to CVD, the heterogeneous
reduction of C0DPtMe2 with over platinum black in n-heptane has been shown to be
autocatalytic: reduction of the precursor at the catalyst surface results in the deposition of
fresh Pt(0).'^ '^° This decomposition pathway (Scheme 5.1) can readily be exploited to
nucleate and grow platinum clusters.
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Scheme 5.1 Hydrogenolysis of dimethylcyclooctadiene platinum(II).
Finally, CODPtMcj is attractive due to its high platinum content (58.5 wt. %), low
toxicity of the ligands and heptane solubility which is a good indicator of solubility in
CO2. Experiments in the view cell indicated the solubility of the precursor is > 1 wt. %
at 40 ''C and 100 bar. Decreasing temperature from a single phase region to -37 °C
causes precipitation of solid precursor to occur. No degradation of precursor was
observed during the experiments which were conducted at temperatures of up to 80 .
Platinum Deposition on Si Wafers
Platinum metal was deposited onto Si wafers using the general procedure outlined
earlier. CODPtMe2/C02 solutions in contact with sections of a Si wafer were equilibrated
at 80°C and 1 55 bar for 2 hr. The precursor was then reduced by the addition of a ~1 5x
molar excess of H2 gas. Reduction of 0.6 v^. % precursor solutions resulted in the
deposition of continuous, reflective Pt films. Scanning electron microscopy (SEM)
analysis of the film revealed well defined ~ 80 -100 nm platinum crystals (Figure 5.1)
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The platinum film was approximately 1.3 microns thick and uniform as determined by
SEM analysis of fracture cross-sections of the composite (Figure 5.2).
X-ray photoelectron spectroscopy (XPS) indicated the film was free of ligand-
derived contamination. Figure 5.3 shows an XPS survey spectra taken before and after
sputter cleaning (Ar* ions) to remove atmospheric contaminates. The small C,, carbon
peak (284 eV) observed in the spectrum of the sputtered deposit is at the detection limit
of the instrument and could not be meaningfully quantified by multiplex analysis. The
continuity of the film is confirmed by the absence of Sij^ peaks at 153 eV. ( Sijp peaks at
102 and 103 eV would be obscured by the Pt;^ photoelectron line.) Pt photoelectron lines
are observed at the following energies: 4fy2 ^ 73 eV, 4f^/2 = ^6 eV, 4d5 = 3 16 eV, 4d3 =
333 eV, 4p3 = 521 eV, 4pi = 610 eV, 4s = 726 eV. The sampling area of the detector is
approximately 4x10 mm.
The quality of the films obtained by reduction of CODPtMe, in CO2 solution at 80
° C is comparable or better to that obtained by chemical vapor deposition (CVD) using
the same precursor in the presence of at 250 "C."^ The difference in deposition
temperatures is attributable to the fundamental difference between these two approaches;
chemistry in solution vs. vapor phase chemistry.
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Figure 5.1 Sl-M image ofa platinuni film deposited on a Si wafer from SCF CO2.
FiRiirc 5.2 Sl'M image ofa fraeture eross-seetion ofa Pt film deposited on a Si wafer
from SCI' CO..
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Figure 5.3 XPS survey spectra (75 ° take-off angle) of a Pt film deposited on a Si wafer
before (top) and after (bottom) sputter cleaning with Ar"" ions to remove
atmospheric contaminants.
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Metallation of a Si wafer by reduction of a 1.2 wt. % solution of C0DPtMe2
produced reflective coatings with a flaky texture. SEM analysis revealed the film was
decorated with large Pt clusters (ca. 500 nm) at the surface (Figure 5.4). One explanation
for the clusters is the high concentration of precursor used in the experiment that could
result in homogeneous nucleation and growth of Pt clusters in the fluid phase.
500 nm
Figure 5.4 SEM image of a Pt cluster produced by hydrogenolysis of CODPtMe, in COj
at high precursor concentrations.
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Platinum Deposition on Polvtetrafluoroethvlene
Platinum metal was deposited on a 0.95 gram sample of 0.9 mm thick PTFE sheet
by the reduction of CODPtMe^ using the procedure outlined earlier. A 1 .2 wt. % solution
of CODPtMej in COj was equilibrated with the PTFE sample at 80 "C and 155 bar for 4
hr. The precursor was then reduced by the addition of a 1 5x molar excess of gas. The
sample was recovered following depressurization and exhibited a bright reflective
coating. An SEM image of the surface (uncoated) of the composite indicates the presence
of relatively large platinum crystals (Figure 5.5). Platinum clusters were also observed
in the bulk of the sample by TEM analysis of sections obtained from the interior of the
composite by cryogenic microtomy (see Chapter 6).
Figure 5.5 SEM image of Pt deposited on the surface of a PTFE substrate by
hydrogenolysis of C0DPtMe2 in SCF CO2.
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Platinum Deposition within an Anooore Membrane Containing 200 nm Pores
An 1 1 .3 mg sample of an AI2O3 membrane containing 200 nm straight pores
oriented perpendicular to the surface was exposed to 0.74 wt. % solution of C0DPtMe2 in
CO2 at 80 and 155 bar for two hours in a small (ca. 3 ml) reaction vessel. C0DPtMe2
was then reduced by the addition H2 gas, the vessel was depressurized and the membrane
recovered. The surface of the membrane was metallic-gray in color. A sample of the
metallized membrane was cast in epoxy and cross-sectioned by cryomicrotomy. TEM
analysis of the sections indicate the presence of small Pt clusters (ca. 30 nm) distributed
throughout the pores (Figure 5.6).
Pt deposition within a second membrane at similar conditions (0.68 wt. %
C0DPtMe2, 80 ^C, 1 55 bar, 2 hr. followed by reduction with H2) yielded similar results.
Analysis of the second membrane by SEM also revealed small Pt clusters distributed
throughout the pores.
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200 nm
Figure 5.6 TEM image of Pt clusters deposited within 200 nm pores of an AI2O3
membrane by hydrogenolysis of CODPtMej in SCF CO2.
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Deposition of Pd hy Hydrogenolvsis of P.lladiuman hev.fluoroacetvlacetonmp
Pd metal was deposited by the hydrogenolysis of palladium (II)
hexafluoroacetylacetonate in SCF CO^. The reaction is reported to yield Pd metal and
two equivalents of hexafluoroacetylacetone in the vapor phase at temperatures in exce;
of 200 "C."
Scheme 5.2 Hydrogenolysis of Pd(hfac)2.
CVD using Pd(hfac)2 as a precursor has been shown to produce high quality Pd films at
temperatures greater that 200 "C.'* Solubility of Pd(hfac)2 in COj was predicted based on
the presence of the fluorinated ligands and confirmed by experiments in a view cell.
Palladium Deposition on Si Wafers
Palladium metal was deposited onto Si wafers using the procedure outlined
earlier. Solutions of Pd(hfac)2 in CO2 in contact with sections of Si wafer were
equilibrated at SO^C and 1 55 bar for 2 hr. The precursor was then reduced by the addition
of a 15x excess of H2 gas.
> 200 OC
Pd + (2)
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Metallation of a Si wafer using a 0.62 wl. % solution of Pd(hrac), produced a
bright, reflective Pd film. A secondary electron image (SRM) of the Pd film is shown in
Figure 5.7. Figure 5.8 shows an XPS survey spectra taken before and after sputter
cleaning (Ar* ions) to remove atmospheric contaminates. There were no peaks detected in
the Ci, carbon region (280 -290 eV) of the sputtered deposit. The continuity of the film
is confirmed by the absence of Si2s P<^aks at 1 53 eV. Fluorine photoelectron lines (Fl, =
686 eV) were not observed indicating no contamination by the ligand or ligand-derived
decomposition products. Pd photoelectron lines are observed at the following binding
energies (Mg source): 4p, = 54 eV, 4s = 88 eV, 3d, = 337 eV, 3d3- 342 eV, , 3p3 = 534
eV, 3p, = 561 eV, 4s = 673 eV, Auger lines are observed at 928 eV and 979 eV.
Additional experiments at similar conditions (e.g. 0.59 wt. % Pd(hfac)2, 80 ^C,
1 56 bar, 2 hr.) yielded similar results.
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Figure 5.8 XPS survey spectra (75 take-off angle) of a Pd film deposited on a Si wafer
before (bottom) and after (top) sputter cleaning with Ar^ ions to remove
atmospheric contaminants.
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CHAPTER 6
POLYMER/METAL NANOCOMPOSITE SYNTHESIS IN SUPERCRITICAL CO^
Introduction and Overview
A simple, direct and versatile technique for the preparation of polymer/metal
nanocomposites is proposed and demonstrated by experiment. The approach is, once
again, based on the general method for the preparation of polymer composites in SCFs
summarized in Scheme 1.1. Organometallic compounds (metal precursors) are dissolved
in supercritical carbon dioxide and infused into solid polymers as SCF solutions.
Chemical or thermal reduction of the precursor (OM) to the base metal (M) either in the
presence of the SCF or subsequent to its removal, produces metal domains within the
solid polymer matrix (Scheme 6.1). The precursor reduction chemistry was demonstrated
in Chapter 5.
Scheme 6.1 Preparation of polymer/metal nanocomposites in SCF COj. (OM
-
organometallic, M = metal)
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Screening experiments indicated that poly(4-methy- 1
-pentene)/Pt nanocomposites
can be produced by thermolytic reduction or hydrogenolysis of dimethylcyclooctadiene
platinum(II) using either approach described in Equation 6.1. In subsequent
experiments, Pt cluster size was controlled using a modified technique in which diffusion
rates within the substrate during CODPtMcj reduction were tuned by adjusting the
severity of COj-induced plasticization of the substrate or by adjusting temperature.
Cluster size exhibited a weaker dependence on the concentration of precursor in the
substrate at levels between 0.5 and 2.0 wt. %. Finally, the kinetics of precursor reduction
in PMP solid solution were briefly investigated.
The general utility of the SCF technique was further demonstrated by the
preparation of Pt and Pd nanoclusters in PTFE.
Prior Art
This work is the first to investigate the preparation of metallic clusters within
polymer substrates using SCF COj, however Howdle and Poliakoff have described the
use of SCF-impregnated polyethylene films as matrices for spectroscopic studies of
organometallic chemistry.' In the work most closely related to that described here, UV
photolysis of a soludon of Mn2(CO),o in CO2 in the presence of and PE was used to
generate HMn(C0)5. The solution was vented leaving PE film impregnated with
HMn(C0)5. Subsequent reacfion with high-pressure CO regenerated the dinuclear
complex (Mn2(CO),o) in situ.
Howdle and Poliakoff also investigated the photochemical acdvation of C-H
bonds in polyethylene (PE) by the sequential C02-assisted impregnation, decompression
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and UV photolysis of [Cp*Ir(CO), ] in polyethylene films.^ Bound photoproduct,
[Cp*Ir(CO)(H)(polymer)], was found to persist after extraction of the films with SCF
CO2.
Polymer/Metal Nanocomposites
The interest in polymer/metal nanocomposites is motivated in large part by a
desire to explore the size dependent electrical, chemical and magnetic properties of metal
and semiconductor clusters with dimensions of the order of tens of nanometers or less.^ "
Stabilization of the clusters in a polymer matrix prevents agglomeration and facilitates
fabrication into useful catalytic, optical and electronic devices. The synthesis of well
defined polymer nanocomposites remains an ongoing challenge in materials science:
reports of the synthesis of these materials are limited and highly specific '"'^ and to date
no generally useful preparative method exists.
The observed departure from bulk material properties as cluster dimensions are
reduced is attributable to two factors:'^ First, as surface to volume ratios increase at small
cluster size, "defects" in the crystal structure at the surface dominate properties that are
usually dictated by the bulk crystalline structure. The second factor is the emergence of
quantum effects as semiconductor and metal crystal sizes approach the de Broglie
wavelength of the electrons. Below this limit, the valence and conduction bands split into
discreet energy levels with the bandgap increasing as cluster size decreases. An example
of this behavior is the shift of the optical absorption maximum of Au clusters to shorter
wavelengths as cluster size decreases.
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A second motivation for the synthesis of these materials is the development of
polymer supported catalysts.
General Procedures
Materials
Dimethylcyclooctadiene platinum(Il) (C0DPtMe2) and palladium (II)
hexafluoroacetylacetonate (PdChfac)^) were obtained from Aldrich and used without
further purification. Carbon dioxide (99.99%) and hydrogen gas (pre-purified grade)
were obtained from Merriam Graves and used as received. Poly(4-methyl-l-pentene)
(PMP, 2.3 mm thick) and polytetrafluoroethylene (PTFE, 0.9 mm thick) were obtained in
sheet form from commercial sources and used without further purification. Physical
properties of the substrates can be found in Table 3.1.
General Methods
Transmission electron microscopy (TEM) using either a JEOL 100 CX or a JEOL
1 200 electron microscope was performed on thin sections obtained from the cross-
sections of the polymer/metal composites by room temperature microtomy (PMP
substrates) or cryomicrotomy (PTFE substrates). Scanning Electron Microscopy (SEM)
analysis of the polymer/metal composites was performed using a JEOL 6400 FXV Field
Emission SEM. Secondary electron images (1 kV) of the uncoated composite surface and
back-scattered electron images (BSI) of composite cross-sections (light carbon coating,
1 5 kV) were obtained.
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Wide angle x-ray diffraction (WAXD) measurements were obtained using a
modified Siemens D500 diffractometer operating in normal-transmission mode with
CuKa radiation from a sealed tube. Platinum cluster sizes were estimated using the
Scherrer equation:'^
t =
ficosQ
where t is the average particle size, K is a constant taken to be 0.94, X is the x-ray
wavelength (1 .54 A for Cu Ka radiation), B is the full width of the diffraction peak at
maximum intensity and 6 is the diffraction angle. In all cases the diffraction peaks were
corrected slightly for instrument peak broadening using CaC03 as a reference.
The mass of precursor in the substrates was determined gravimetrically. These
values agreed well with a limited number of experiments in which the concentration of
platinum in the samples was determined by the residual mass obtained after fuming
sulfuric acid digestion of the composites in platinum crucibles followed by ashing at 1000
°C in a muffle furnace.
The synthesis of all metal/polymer nanocomposites involved variants of the
following general procedure: A single substrate (~1 x 5 cm PMP or PTFE) and a known
mass of precursor (dimethylcyclooctadiene platinum(II) or palladium(ll)
hexafluoroacetylacetonate) were placed in a reaction vessel (1.2 cm i.d. sections of 1/2"
schedule 160 stainless steel pipe) which was sealed, purged with CO,, weighed and
immersed in a circulating controlled temperature bath equilibrated at 80 °C. The vessel
was filled with CO^ using the high pressure manifold described previously
(Chapter 2).
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The contents of the reactor were mixed using a vortex mixer, reequiHbrated to 80 °C and
repressurized to the desired pressure; the mass of CO^ transferred was determined
gravimetrically. The vessel was typically maintained at this condition (which is non-
reducing for the precursor) for a period of time sufficient to achieve equilibrium
solubility of the precursor in the swollen polymer. (Soaking periods of shorter duration
were used in several experiments as noted.) The precursor was then reduced under one of
the following conditions: thermolysis in the presence of the C02/precursor solution,
hydrogenolysis in the presence of the C02/precursor solution, hydrogenolysis in neat H2
subsequent to removal of the COj/precursor solution, or hydrogenolysis in Hj/COj
solution subsequent to removal of the C02/precursor solution.
Following reduction, the composite was isolated, weighed and analyzed.
PMP/Pt Nanocomposite Synthesis
PMP/Pt nanocomposites were prepared by the sequential infusion and reduction
CODPtMcj in PMP substrates using the method summarized in Scheme 6.1.
CODPtMe^ was chosen as the precursor for the following reasons: First,
experiments described in Chapter 5 indicate that the precursor can be reduced cleanly in
CO2 with hydrogen to yield high-purity Pt deposits. Second, the reduction of CODPtMe,
with H2 over platinum is autocatalytic"'' (Scheme 5.1); this can be exploited to nucleate
and grow platinum clusters. Third, solid state thermolysis of CODPtMcj is reported to
yield metallic platinum. The decomposition temperature of CODPtMcj as determined by
differential scanning calorimetry is 208 °C." Thermolysis provides an alternative
method for precursor reduction. Finally, C0DPtMe2 is attractive due to its high platinum
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content (58.5 wt. %), low toxicity of the ligands and heptane solubility which is a good
indicator for solubility in both COj and hydrocarbon polymers such as PMP.
PMP was chosen as the substrate because of its chemical composition and
physical properties. The hydrocarbon backbone is likely inert to CODPtMcj and will not
bind Pt clusters. The T^. (30 °C) and melting point of PMP (235 'C) provide a wide range
of temperature over which experiments can be conducted.
PMP/Pt Nanocomposite Screening Experiments
Samples of PMP sheet (1 x 5 cm sections, -1.0 g) were exposed individually to
solutions of 50 mg of C0DPtMe2 in CO2 (1.3 wt. % C0DPtMe2) at 80 °C and 155 bar for
4 hours. In a control experiment at these conditions, the mass uptake of CODPtMcj in
PMP following removal of the CODPtMe2/C02 solution by decompression was 36.4 mg.
The impregnated control sample is a yellow transparent solid solution.
Precursor concentration (3.4 wt. % C0DPtMe2; 2.0 wt. % Pt) was verified by the
residual mass obtained after fuming sulfuric acid digestion of the composites in platinum
crucibles followed by ashing at 1000 °C in a muffle furnace. WAXD analysis of the
control sample and a virgin sample ofPMP did not reveal additional diffraction peaks
that would indicate either the crystallization of the precursor or the presence of Pt metal.
(Figure 6.1)
In three parallel experiments, the precursor was reduced by (a) hydrogenolysis (24
hr.) subsequent to depressurization, in a clean stainless steel reactor at 60 °C, 70 bar H2,
(b) hydrogenolysis (4 hr.) in CO2 at 80 °C, 155 bar induced by the addition of a ~1 0-fold
excess of H2 to the reaction vessel prior to depressurization and (c) thermolysis (20 hr.) in
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CO, induced by raising the temperature to 140 °C prior to decompression (final pressure
-265 bar).
<
10 15 20 25 30 35
2 ©(Degrees)
40 45
Figure 6.1 WAXD analysis of virgin PMP (a) and a 3.4 wt. % CODPtMcj/PMP solid
solution (b). <1 1 1> Pt diffraction peaks are not observed at 20 = 39.8°.
Hydrogenolysis of the impregnated substrate subsequent to depressurization produces a
deep black composite. Transmission electron microscopy of a microtomed section from
the cross-section of this composite revealed the presence of discrete platinum clusters
having a maximum particle diameter of approximately 15 nm (Figure 6.2). Images of the
composite cross-section obtained by low-voltage SEM confirmed that the clusters are
present throughout the thickness of the substrate. The presence of metallic platinum was
confirmed by WAXD measurements (see below).
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Figure 6.2 TEM image of Pt clusters in PMP deposited by reduction of CODPtMe, in a
PMP/CODPtMe^ solid solution with neat at 70 bar, 60 °C.
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Hydrogenolysis of the precursor in the presence of CO2 produces a deep black
composite with a silvery hue. TEM analysis of a section microtomed from the cross-
section of this composite (Figure 6.3) indicates the presence of discrete platinum clusters
having a maximum diameter of approximately 50 nm. The larger particle size observed
in the hydrogenolysis of the precursor in the presence of CO2 relative to clusters produced
by reduction in neat hydrogen is a consequence of higher diffusion rates within the COj-
plasticized polymer: this point is discussed in more detail and verified by experiment later
in the chapter.
The presence of precursor in the fluid phase during reduction resulted in the
deposition of large Pt clusters (50-100 nm) at the composite surface (Figure 6.4). SEM
analysis of the composite cross-section revealed a sharp concentration gradient between a
platinum-enriched surface layer and the bulk of the substrate which contained a uniform
concentration of the < 50 nm Pt particles.
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Figure 6.3 TEM image of Pt clusters in PMP deposited by hydrogenolysis of CODPtMej
in a PMP/CODPtMcj solid solution in the presence of excess CODPtMcj in CO2
solution at 155 bar, 80 "C.
Figure 6.4 FE-SEM image of Pt clusters deposited on the surface of a Pt/PMP composite
by hydrogenolysis of CODPtMcj in the presence of excess C0DPtMe2 in CO2
solution at 155 bar, 80 "C.
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Thermolytic reduction of the precursor in C02-swollen PMP at 140 °C produces a
deep black composite. TEM analysis revealed feathery platinum aggregates comprised of
smaller primary particles (Figure 6.5). The aggregates, which are distributed throughout
the substrate, have a maximum diameter of approximately 50 nm. As expected,
thermolysis temperatures in COj are significantly lower than those in the solid state. No
evidence for the deposition of Pt clusters at the composite surface was observed by SEM
analysis.
20 nm
Figure 6.5 TEM image of Pt clusters in PMP deposited by thermolysis of CODPtMe^ in
a PMP/C0DPtMe2 solid solution in the presence of excess CODPtMe2/C02
solution at 265 bar, 140 "C.
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Wide angle x-ray diffraction (WAXD) confirmed that the reduction products are
metallic platinum (Figure 6.6). With the exception of the strong <1 1 1> and <200>
platinum reflections, wide-angle scans (26 = 5-50°) for virgin PMP and the composite
samples were identical. The 15 nm clusters produce broader reflections than the 50 nm
clusters which is in agreement with the Scherrer equation. WAXD analysis of the
thermally prepared composite revealed significantly weaker and significantly broader Pt
reflections than either the 1 5 nm or 50 nm composites.
30 35 40 45 50
2 0 (degrees)
Figure 6.6 WAXD of Pt/PMP composites; <15 nm clusters (top), <50 nm clusters
(middle) and virgin PMP (bottom). The intensity of the top diffraction pattern has
been shifted for clarity.
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Control of Cluster Size in Pt/PMP Nanocomposites
In this section the control of Ft cluster size is investigated. Two variables are
considered: diffusion rates of the precursor in the polymer substrate and the concentration
of precursor in the solid substrate.
Anecdotal evidence suggests that cluster formation by hydrogenolysis of
CODPtMcj in solid polymers is a diffusion controlled process. Kinetic studies indicate
that the reaction is mass-transfer limited in liquid pentane (by diffusion of C0DPtMe2 to
the catalyst site) at temperatures above 20 °C:'^he reaction will most certainly be mass
transfer limited in a CO2 - swollen solid polymer.
The hydrogenolysis reaction is autocatalytic, however the PMP/CODPtMe, solid
solutions are initially devoid of platinum metal: reduction of CODPtMcj in PMP yields Pt
clusters through what is likely a competitive nucleation and grow1;h process. (Nucleation
occurs by the adventitious reduction of C0DPtMe2 and catalytic hydrogenolysis expands
the incipient Pt cluster.) At high diffusion rates, growth is favored as CODPtMej is more
likely to encounter Pt metal cluster site than to nucleate a new metal site. Low diffusion
rates favor nucleation and thus smaller particles. This hypothesis is tested by the control
of diffusion rates within the substrates by manipulating either the degree of CO2
plasticization (via CO2 pressure) or temperature to control cluster size. Concentration
effects are also examined during the course of these experiments.
The reduction C0DPtMe2 in PMP at various degrees of CO2 plasticization
required a modification of the synthetic procedure. A single substrate is exposed to a
solution of C0DPtMe2 in CO, at non-reducing conditions. The PMP/C0DPtMe2 solid
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solution is recovered by venting and is sectioned into four pieces. Each section is then
reduced individually either in CO^/U, solution or in neat H^. Reduction in the absence of
excess fluid phase precursor eliminates deposition at the composite surface that would
complicate cluster size analysis by WAXD. This procedure ensures that the precursor
and Pt concentrations in each sample are identical, provided that precursor is not
extracted during the reduction.
To avoid competitive reduction and extraction, the reduction step is conducted at
conditions at which the partition coefficient of CODPtMCi in PMP is high and extraction
of precursor from the solid substrate is kinetically hindered. In contrast, loading
conditions are chosen such that equilibrium partitioning of the precursor between the
fluid phase and swollen polymer phase is achieved rapidly, preferably at high precursor
partition coefficient. Equilibrium loading conditions eliminate concentration gradients in
the polymer substrate that would interfere with the interpretation of the experiment.
Conditions for loading and reduction were determined by measuring CODPtMcj
absorption profiles as a function of CO2 pressure at 80 "C. In each experiment a 1 gram
sample of PMP and 25 mg of precursor were loaded into a 9 ml reaction vessel. The
vessel was pressurized with CO2 to the desired condition and degassed following a four
hour soaking period. The mass uptake of CODPtMcj in PMP was measured at each
condition (Figure 6.7. and Table 6.1). Partition coefficients (K) are calculated for those
experiments in which equilibrium was achieved.
The absorption data can be divided into two kinetic regimes (Figure 6.7). At
pressures greater than 1 30 bar the system has achieved equilibrium and partition
coefficients decrease with increasing pressure. (Preferential partitioning of CODPtMc, ii
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CO^ at high pressure reflects increases in CO^ solvent strength with density.) At
pressures less than 130 bar, absorption of CODPtMe^ is kinetically limited by two
factors; decreased solubility of the precursor in CO2 and decreasing plasticization of
PMP. Partition coefficients cannot be calculated in the kinetically limited regime but, as
pressure decreases below 130 bar, PMP is an increasingly stronger solvent for CODPtMe,
relative to CO2. Significant extraction of CODPtMe, from PMP by small volumes of CO2
at low pressure is not Hkely.
The pressure profile data was used to set the conditions of the experiments: PMP
substrates are "loaded" with CODPtMcz at 130 bar and reduced at CO, pressures of less
than 130 bar.
Table 6.1 Pressure-dependent absorption of CODPtMcj in PMP from CO, solution.
initial conditions results
pressure
(bar)
CODPtMe2
(mg)
PMP
(mg)
C02
(g)
mass uptake
(mg)
K
86
104
112
125
132
144
158
179
25.06
24.89
25.14
25.11
25.38
25.30
25.37
25.27
1018.94
995.16
1013.67
1017.94
1029.38
998.56
999.11
1011.09
1.60
1.85
1.94
2.58
2.63
3.32
3.57
4.12
6.47
5.67
15.00
17.35
22.70
14.68
10.54
6.87
21.6
4.6
2.5
1.5
144
25.00
bX)
20.00
15.00
OnQ
O
U
»X)
S
10.00
5.00
kinetically limited
; equilibrium
0.00
50 100 150 200
Pressure (bar)
Figure 6.7 Pressure dependent absorption of C0DPtMe2 in PMP from COj solution. (25
mg precursor, 80 "C, 4 hr.)
Three CODPlMej/PMP samples containing 0.49 wt. %, 0.92 wt. % and 1 .97 wt.
% CODPtMcj were prepared by equilibrating 1 g samples of PMP sheet with COj
solutions containing 4.92 mg (0.1 8 wt. %), 9.32 mg (0.32 %) and 25.23 mg (0.87 %)
C0DPtMe2 respectively at 133 bar and 80 "C for four hours (Table 6.2). The resulting
CODPtMe^/PMP solid solutions were then divided into sections that were reduced
individually at 80 "C for 4 hr. at four conditions: neat at 70 bar, CO2/H2 at 128 bar,
CO2/H2 at 85 bar and CO^/H^ at 50 bar. Reductions by exposure to CO^/H^ solution were
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conducted by equilibrating the impregnated substrate with CO^ in vessels packed with
stainless steel wire (to minimize CO^ volume) for four hours prior to addition of from
a high pressure manifold. The resulting nanocomposites were analyzed by WAXD and
the average cluster size calculated using the Scherrer equation (Table 6.3). The <1 1 1>
diffraction peaks for the 0.9 wt % sample are shown in Figure 6.8.
Table 6.2 Preparation of CODPtMcs/PMP solid solutions.
initial conditions results
CODPtMc2 PMP Substrate CO, mass uptake
loading pressure mass mass CODPtMeZ
(mg) (bar) (mg) (g) (mg)
5.97 129 990.92 2.69 4.92
10.30 133 1003.04 2.88 9.32
25.23 132 987.42 2.91 19.89
Table 6.3 Pt cluster sizes following reduction of CODPtMe^/PMP solid solutions in neat
H2 and CO2/H2 mixtures. (Scherrer analysis of Pt <1 1 1 > diffraction peak.)
CODPtMe^ Concentration in PMP (wt. %)
Reducing Conditions 0.49 0.92 1.97
H2, 69 bar 10.3 nm 11.0 nm 1 1.2 nm
CO2/H2, 52 bar 11.8 nm 12.3 nm 13.6 nm
CO2/H2, 85 bar 13.4 nm 13.5 nm 13.0 nm
CO2/H2, 1 52 bar 13.4 nm 13.9 nm 14.7 nm
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Figure 6.8 WAXD analysis of Pt/PMP nanocomposites produced by hydrogenolysis of
0.9 wt. % solutions of CODPtMe, in PMP at 80° C. Particle sizes calculated from
<1 1 1> Ft diffraction peaks (shown).
The results of the experiments clearly demonstrate that cluster size decreases with
decreasing severity of CO2 induced plasticization. The synthesis of smaller clusters at
lower diffusion rates is consistent with the proposal that hydrogenolysis of C0DPtMe2 in
PMP is mass-transfer limited.
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Diffusion rates in solid polymers are also temperature dependent and therefore
cluster size should decrease with temperature-mediated reductions in precursor
diffusivity. The effect of hydrogenolysis temperature on cluster size was investigated
using an 0.8 wt. % CODPtMe^/PMP solid solution prepared by equilibrating a 0.32 wt %
solution of precursor in CO2 (10.6 mg C0DPtMe2 in 3.34 g CO^) with a 998.56 mg
sample of PMP sheet at 80 "C and 1 33 bar for four hours. Four sections of the solid
solution were reduced individually in neat hydrogen (70 bar) at 80 "C for 4 hr, 60 °C for 8
hr., 40 °C for 1 2 hr. and 20 "C for 20 hr and analyzed by WAXD. (Reduction times were
increased with decreasing temperature to ensure complete reduction.) Diffraction peaks
(Pt <1 1 1>) and corresponding cluster sizes calculated using the Scherrer equation are
shown in Figure 6.9. The reduction in cluster size is consistent with decreasing rates of
CODPtMcj diffusion in PMP with decreasing temperature.
Diffusion-mediated control of cluster size is further supported by considering a
hypothetical experiment in which CODPtMcj reduction is carried out at increasing
temperature and constant reagent diffusivity. An increase in temperature favors
nucleation by increasing the rate of adventitious precursor reduction to form incipient Pt
clusters. At constant reagent diffusivity the resuU would be a larger number of smaller
clusters as temperature rises. The opposite trend is observed in the data and supports the
conclusion that cluster size is dictated by precursor diffusivity.
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Figure 6.9 WAXD analysis of Pt/PMP nanocomposites produced by hydrogenolysis of
0.8 wt. % solutions of C0DPtMe2 in neat (70 bar). Particle sizes calculated
from <1 1 1> Pt diffraction peaks (shown).
Figure 6.10 provides a qualitative demonstration of the range over which cluster
size was controlled in this study. The larger clusters were produced by hydrogenolysis of
CODPtMe, in COj - swollen PMP at 80 ''C and 1 55 bar in the presence of excess fluid
phase precursor. The smaller clusters (lower photograph) were produced by
hydrogenolysis of CODPtMcj in neat hydrogen (70 bar) at 20 °C. The volume of the
clusters differ by the third power of their respective diameters, a factor of 200 - 300 x.
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50 nm
ieure 6 10 TEM micrographs of PMP/Pt composites prepared by the hydrogenolysis
of
CODPtMe^ in CO, - swollen PMP at 80 '^C and 155 bar in the presence of
excess
fluid phase precursor (upper photograph) and hydrogenolysis
in neat hydrogen (70
bar) at 20 'C.
150
Hydrogenolysis Kinetics of CODPtMe
. in PMP Solid Solution at 80 °C
Hydrogenolysis kinetics of CODPtMe^ in PMP solid solution at 80 °C was briefly
investigated. A 0.8 wt. % solid solution of CODPtMe^ in PMP was prepared by
equilibrating a 0.29 wt. % solution (10.6 mg CODPtMe^ in 3.68 g CO^) with a 999.29 mg
sample ofPMP sheet at 80 °C and 133 bar for four hours. The sample was sectioned into
four pieces that were then placed (individually) in clean reaction vessels. The vessels
were purged with and preheated to 80 °C. Sections were subsequently reduced
individually in neat H2 at 70 bar and 80 ''C at each of the following times 10, 30, 90 and
900 seconds. After the appropriate reduction period, the vessel was immediately purged
with N2 and cooled to room temperature. The samples were isolated and analyzed by
WAXD. The results are presented in Figure 6.11. It is evident from the diffraction peaks
that reduction is complete in less than 90 seconds.
PTFE/Metal Nanocomposite Synthesis
The synthesis of PTFE/Pt and PTFE/Pd nanocomposites was investigated briefly.
The successful deposition of platinum and palladium within PTFE (see below) confirms
that the absence of surface tension in SCFs and the permeability of CO2 in even the most
solvent resistant polymers render this technique a powerful tool for the synthesis of
polymer composites.
Synthesis of Teflon/Pt Nanocomposites
Platinum/PTFE composites were prepared by the sequential impregnation and
reduction of CODPtMcj. 1 x 5 cm sections of PTFE film (-1.0 g) were exposed to
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Figure 6.11 WAXD analysis (<1 1 1> Pt diffraction peaks) of C0DPtMe2/PMP solid
solutions reduced for the indicated times in neat H2 at 70 bar and 80°C.
solutions of 50 mg of C0DPtMe2 in CO2 (1.2 wt. % CODPtMe^) at 80 °C and 155 bar for
4 hours in high-pressure stainless steel reactors. The precursor was reduced by
hydrogenolysis (4 hr.) in CO2 at 80 °C, 155 bar induced by the addition of a ~10-fold
excess of H2 to the reaction vessel prior to depressurization. Platinum clusters were
observed throughout the bulk of the sample by TEM analysis of sections obtained from
the interior of the composite by cryogenic microtomy (Figure 6.12). A significant
amount of platinum (crystals, >100 nm diameter) was also deposited at the surface (by
reduction of fluid-phase precursor) under these conditions.
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Figure 6.12 TEM image of platinum clusters deposited within PTFE by hydrogenolysis
of C0DPtMe2 in CO^ at 80 "C and 155 bar.
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Synthesis of Teflon/Pd Composites
Pd/PTFE composites were prepared by the sequential impregnation and reduction
of Pd(hfac)2.
In one experiment a 1 x 5 cm section of PTFE film (-1.0 g) was exposed to a
solution of 50 mg of in PdChfac)^ in CO2 (2.67 wt. % Pd(hfac)2) at 80 °C and 1 56 bar for 4
hours. The vessel was degassed and a bright yellow sample was recovered. Mass uptake
of Pd(hfac)2 was 0.65 wt. %. The precursor was then reduced with hydrogen at 180 °C at
ambient pressure. The resulting Pd/PTFE composite exhibited a metallic-gray color.
TEM analysis revealed Pd clusters distributed throughout the bulk of the sample (Figure
6.13).
In another experiment a 1 x 5 cm section of PTFE film (~1 .0 g) was exposed to a
solution of 50 mg of in Pd(hfac)2 in CO2 (3.14 wt. % Pd(hfac)2) at 80 °C and 138 bar for 4
hours. The precursor was then reduced by thermolysis in CO, at 140 °C for 20 hr. The
resulting Pd/PTFE composite exhibited a metallic-gray color. Pd clusters were again
observed throughout the bulk of the sample by TEM analysis.
154
Figure 6.13 TEM image of Pd clusters in PTFE prepared by hydrogenolysis of Pd(hfac)2
in neat hydrogen.
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Conclusions
The sequential COj-assisted infusion and reduction of organometallic compounds
offers a promising route to preparation of nanoclusters of controlled size within a solid
polymer matrix. The utility of this technique for the production of quantum devices or
catalytic materials, however, has not been verified.
Composites containing Pt clusters having uniform dimensions as small as 5 nm
were prepared, but these dimensions are at the upper limit of the particle size of interest
for studies of size-dependent behavior. The demonstrated diffusion-mediated control of
cluster size suggests that clusters much smaller than 5 nm could be produced by further
reduction of precursor diffusion rates in the solid polymer substrate: hydrogenolysis of
C0DPtMe2 in a polymer glass would likely yield extremely small clusters. The lower
limits of cluster size were not pursued in this study in part because of the difficulty
associated with the characterization of the resulting materials. The study of quantum
effects also requires populations of extremely narrow particle size distribution (PSD).
Characterization and control ofPSD have not yet been addressed.
Perhaps the most important result of the nanocomposite work is the demonstration
that the outcome of diffusion controlled reactions in solid polymers can be controlled by
SCF-COj-induced plasticization. Mass-transfer limitations are nearly ubiquitous for
chemical reactions in solid polymer and polymer melts.
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